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Abstract  
During summer months in alpine systems around the world patches of green, orange 
and red snow appear. The phenomenon is sometimes called watermelon snow and is 
caused by a bloom of microalgae. The resulting microbiome is teeming with life, 
including algae, fungi, metazoans, other protists and bacteria. Here, I present data 
documenting the biological diversity in the ephemeral snow algae microbiome, which 
grows on snows threatened by global warming. I began by asking: what microbes are 
found in snow algae blooms? I focussed my work in the southwestern Coastal Mountain 
Range in B.C., Canada. The data I present detail the algal, bacterial, fungal, metazoan 
and other protist diversity in blooms and their distribution across the region. These data 
included sequences from undescribed algal species, with some potentially belonging to 
species names with no DNA data available. I therefore did an analysis, including five 
novel algal isolates, to clarify the taxonomy of Raphidonema and its sister genera, using 
genetic data. I was able to identify my five isolates as R. sempervirens, and in the 
process name two novel species: R. catena and R. monicae. As bacteria are commonly 
important mutualistic symbionts of microalgae, I next described their communities living 
alongside snow algae. I found that, unlike algae, the bacterial community composition 
does not change with elevation, and instead there are regionally widespread bacteria. I 
therefore wanted to learn more about the metabolic capabilities of these bacteria 
common to snow algae blooms. Using a shotgun metagenomics approach, I analyzed 
the bacterial metagenome, and metagenomically assembled genomes. These data 
included representative from the widespread bacterial families found during 
metabarcoding, and I furthered that analysis by describing their metabolic genes related 
to: nitrogen and sulfur cycling as well as biosynthesis of osmolytes/cryoprotectants, B-
vitamins, phytohormones, and xanthophyll pigments. These data act as observations to 
form hypotheses on the biogeochemistry and microbial ecology of snow algae 
microbiomes.   
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I conceptualized, wrote and edited this chapter for this thesis.  
1.1. Snow algae in a changing world 
Starting in late spring, blooms of microalgae begin to grow in patches of snow in 
alpine and polar snowpacks around the globe. The algal growth can colour the snow 
green, orange and red and can span large areas (Fig. 1.1; Davey et al., 2019; Ganey et 
al., 2017; Hoham and Remias, 2020; Lutz et al., 2016; Remias et al., 2013; Segawa et 
al., 2018). These blooms can be small and patchy, or cover large areas, sometimes 
following flow paths on the landscape. The algae grow between ice crystals, often in 
biofilms on the snow surface (Fig. 1.2). Under the microscope a diverse set of algal cells 
can be observed, with a wide range of pigmentation, size and shape (Fig. 1.2). It is still a 
topic of ongoing research on the life history traits of snow algae species found within 
blooms, which has been made complicated by the realization that there is greater 
species diversity than previously thought. It is therefore likely that different species of 
algae form blooms under different conditions, and their biology varies when on the snow. 
Along with the algae live diverse communities of bacteria, fungi and metazoans (Fig. 
1.3). 
The growth of these blooms and their expansion through the snowpack have 
profound implications for the surrounding snow. The algae growth reduces the albedo of 
the snow surface which increase melt rates and liberates nutrients from the snow 
crystals, resulting in the expansion of algal habitat (Ganey et al., 2017; Lutz et al., 2014, 
2016). Albedo is measured as the ratio of reflected solar radiation to incoming. A report 
from the arctic showed white snow to values ranging from 0.75-0.9, whereas red snow 
had an average value of 0.65 (Lutz et al., 2016). The increased algal growth serves to 
exacerbate the effects of global warming which are leading to faster melting of seasonal 
snowpacks. Annual snow coverage has decreased by 5-6 days over the last 50 years in 
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the northern hemisphere (Bormann et al., 2018), and snow algae blooms could be 
further contributing to the loss of alpine and polar snows (Ganey et al., 2017). The loss 
of these snow-packs or their accelerated seasonal melting will have a negative impact 
on the sixth of the world’s population who depend on their meltwater for drinking, 
agriculture and generating hydroelectricity (Bormann et al., 2018).  
Furthering the link between snow algae and global warming is the increase of 
atmospheric CO2. In 1958 David Charles Keeling started his work recording high 
precision atmospheric CO2 concentrations at the Mauna Loa Observatory, Hawaii 
(Harris, 2010). The resulting data from the next half century of monitoring resulted in 
what’s known as the Keeling Curve, showing the increase of atmospheric CO2 
concentrations over time. When Keeling began his measurements the average CO2 
concentration in 1959 was 316 ppm, and in 2020 the average was 414 ppm. Algae rely 
on atmospheric CO2 to photosynthesize, using light energy to fix carbon as a form of 
stored chemical energy. In some situations, algal photosynthetic rate can be limited by 
their CO2 supply (Singh and Singh, 2014). Recent work by Hamilton and Havig (2020) 
suggests that that some snow algae species can be CO2 limited while growing in 
blooms. They found that additions of inorganic carbon to in-situ microcosms setup on a 
snow algae bloom increased algal biomass production. Thus, with the increasing 
atmospheric CO2 concentrations due to human activity, we can hypothesize that this is 
causing an increase in snow algal photosynthesis and biomass production worldwide. 
Yet, despite snow algae’s possible links to the global climate crisis, there is insufficient 
data to make predictions on how they will be affected long term. 
First recorded observations of snow algae date back to Aristotle a couple of 
millennia ago (Lutz et al., 2015b; Werner, 2007), and yet there is still much we don’t 
know about them. Many microbial species in snow algae blooms remain undescribed 
and we have very little insight into their ecology and biogeochemical links to the 
environment. By gaining more perspective on what organisms can be found in blooms, 
their metabolic capabilities, and how they interact we can start to describe their ecology. 
In the following sections I will detail the current knowledge about the biodiversity and 
ecology of snow algae blooms, and the tools being used to study them.  
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1.2. Methods for studying snow algae blooms 
As the constituents of snow algae blooms are microbial, gaining observational 
data to devise hypotheses on their biology becomes its own challenge. Another 
challenge is the lack of knowledge on the evolutionary pressures and genetic 
mechanisms contributing to morphological features, such as size, cell wall composition 
and thickness, pigmentation and life history traits. Without a basic understanding of life 
history and lifestyle of the microbes within blooms it makes understanding observations 
made through a microscope difficult to interpret accurately. However, before the DNA 
based methods were invented the study of snow algae historically has been based on 
microscopy and field observations. The types of questions addressed included looking at 
life history through morphological changes, habitat preference, species diversity 
(Hoham, 1971), and associated bacteria (Weiss, 1983). The 1971 PhD thesis of Dr. 
Ronald Hoham, a prolific snow algae researcher in the last half century, was based in 
observations on cell morphologies found in field samples (Hoham, 1971). Hoham based 
his work on morphologically described species, such as Chlamydomonas nivalis, which 
is now regarded as a species complex due to convergent evolution of morphological 
characters (discussed more below; Hoham and Remias, 2020). While these 
observations provide some initial insights, they become difficult to build upon as we do 
not know what species of algae Hoham, and other such morphology-only based studies, 
was actually observing at the time.  
The advent of DNA-based methods began to reveal the complexity of snow algae 
blooms in terms of biodiversity, community composition and evolutionary history. In the 
last decade several studies have been published employing high-throughput sequencing 
of amplicon libraries, also called metabarcoding (Brown et al., 2016; Davey et al., 2019; 
Hisakawa et al., 2015; Krug et al., 2020; Lutz et al., 2015b, 2016; Segawa et al., 2018; 
Terashima et al., 2017). Metabarcoding consists of first selecting a suitable gene to act 
as a taxonomic marker which is present in all the species in the microbial community of 
interest. Primers are then chosen/designed to produce the desired size of amplicon 
depending on what type of sequencing technology is being used. A further important 
consideration for what marker gene to choose is if there is an appropriate reference 
database available to compare the resulting amplicons to. Some studies will erroneously 
refer to metabarcoding as “metagenomics”. But metabarcoding is the sequencing of all 
4 
 
variants of a single gene within a sample and not of all genomic DNA—as is done in 
metagenomics.  
The most important step in DNA based methods is the extraction of DNA from 
the sample. To achieve a usable DNA extract from the desired microbial community 
typically some protocol optimization is required. Depending on the type of organisms 
there are different commercial kits or in-house protocols that can be used. The DNA 
extraction process can be simplified down to two important stages: cell lysis and DNA 
purification. For prokaryotes generally cell lysis can be achieved through bead beating 
with 0.1 mm glass or zirconium beads, with cells often being suspended in a buffer that 
inhibits DNAse activity. For microbes such as fungi and algae, often extra steps are 
needed to crack through their cell walls. To break cell walls a variety of techniques can 
be used, usually in combination, such as: enzymatic digestion, large beads for bead 
beating (0.2-0.5 mm), flash freezing, grinding, squishing, and sonication. Purification 
steps typically involve precipitation of DNA using ethanol and a salt solution, and then 
the DNA can be pelleted through centrifugation or run over a silica-filter, to which the 
DNA will bind, but the rest of the lysate solution will not. Some microbes produce 
chemicals that have similar properties to that of DNA and can be carried over past a 
DNA purification step. In particular for algae, it has been noted their cell walls as well as 
accumulation of lipids can effect extraction efficiency and downstream PCR results 
(Maneeruttanarungroj and Incharoensakdi, 2016; Tear et al., 2013). Often steps 
involving an organic solvent are added such as hexane or phenol:chloroform, to try and 
separate the organic contaminants from the DNA (Tear et al., 2013). Another purification 
method uses magnetic beads that are covered in a special ligan that binds DNA. Once 
the DNA is bound to the beads you can place a magnet next to the tube that gathers the 
beads and holds them in place as the supernatant is removed. An advantage of using 
beads is greater surface area available to bind DNA versus silica-filters. When 
evaluating different DNA extraction methods it is important to check the contamination 
levels of proteins, RNA, and organics in addition to the DNA concentration (Eland et al., 
2012). 
Metabarcoding studies of snow algae communities commonly use the 18S 
ribosomal DNA (rDNA) gene as a marker, amplifying 300-500 bp amplicons from the 
bulk DNA extractions of field samples (Davey et al., 2019; Krug et al., 2020; Lutz et al., 
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2015b, 2016; Terashima et al., 2017). The 18S has nine hypervariable regions spanning 
approximately 1800 bps (total length can vary between taxa; Hadziavdic et al., 2014). 
These hypervariable regions provide a target for amplicon based metabarcoding 
surveys. Some work has suggested that the V2, V4 and V9 variable regions of the 18S 
rDNA gene are best for eukaryotic microbial metabarcoding (Hadziavdic et al., 2014). 
However, primer sets for metabarcoding have been designed and used targeting other 
universally variable regions (e.g. V5-V7) using conserved regions to design primers 
(Wang et al., 2014). Often primers used for metabarcoding are designed to be 
degenerate, i.e. are a mix of primers of similar sequence that vary at pre-defined bases 
to account for variation in target sequences. These primers are designed to be in regions 
of conserved sequence flanking more variable regions so that they can amplify DNA 
from a broad range of taxa. Despite the potential for variable regions of the 18S to reveal 
algal diversity, studies to date have used universal 18S rDNA primers that capture a 
broad range of eukaryotes and aren’t suited for differentiation of algal taxa (Brown et al., 
2016; Davey et al., 2019; Krug et al., 2020; Lutz et al., 2015b, 2016; Segawa et al., 
2018; Terashima et al., 2017).  
The internal transcribed spacer 2 (ITS2) region is also for metabarcoding, and is 
shorter in length and more variable in sequence between taxa than the 18S (Brown et 
al., 2016; Segawa et al., 2018). The ITS2 has a much higher substitution rate and is 
used for species level delimitations, and has been proposed as an effective universal 
eukaryotic marker (Yao et al., 2010). But, as the ITS2 is highly variable in size, copy 
number per genome, and can have intragenomic variability, its use can have 
undetectable drawbacks when creating a metabarcoding sequencing library—and its 
robustness has not been documented for snow borne taxa.  
If examining the algal diversity within a snow sample is the primary goal then 
plastid genes, such as the Ribulose bisphosphate carboxylase (RuBisCO) large chain 
(rbcL), would be a good candidate. The rbcL gene is the large subunit of the RuBisCO 
protein complex, considered to be the most abundant protein on earth and involved in 
the first step of carbon fixation in plants, algae and some photosynthetic bacteria. As the 
bacterial versions of rbcL differ significantly in sequence to that of algae (Banda et al., 
2020), one could design a rbcL primer set specific to snow algae taxa. The resulting rbcL 
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amplicon library would provide a greater number of algal reads than using rDNA, and 
therefore more information on the algae within snow algae blooms.  
The prokaryote community in snow algae blooms has been studied in terms of its 
taxonomic community profile using culture-independent methods (Lutz et al., 2016; 
Terashima et al., 2017). Most data on the prokaryote community composition of snow 
algae blooms comes from studies doing 16S rDNA metabarcoding (Lutz et al., 2016; 
Terashima et al., 2017). The 16S rDNA has ten conserved regions that are flanked by 
nine hyper-variable regions which allows for creation of universal primers for PCR 
(Kazumasa Fukuda, Midori Ogawa, 2016). The gene is relatively short, ~1500 bps, and 
so are some of the hypervariable regions, which allows for targeting using NGS and 
Sanger sequencing. The widespread adoption of using the 16S rDNA gene for 
prokaryote taxonomy has resulted in the development of large public databases used for 
approximation of taxonomy (Kazumasa Fukuda, Midori Ogawa, 2016). The first study to 
use NGS technology to assess the 16S rDNA profile was published in 2006 using 
pyrosequencing on sea water samples (Sogin et al., 2006). They report higher than was 
expected sequence diversity based on previous lower resolution technologies, such as 
DNA fingerprinting or microarrays. They also reported that different 16S rDNA 
sequences varied by 3-4 orders of magnitude from each other, with some being 
relatively rarer than others, which they termed the “rare biosphere”. They also noted that 
rarefaction curves (a plot of sampling effort vs taxa discovered) suggested they were far 
from uncovering the true extent of the 16S rDNA sequence diversity in their samples 
(Sogin et al., 2006). As a result, the use of metabarcoding using NGS has become a 
standard technique for describing microbial community compositions in microbiomes.  
Interpreting the potentially millions of sequences from an NGS runs poses its 
own challenge, with different approaches for data reduction allowing for analysis. The 
clustering of sequences into operational taxonomic units (OTU) was a method adopted 
to reduce the number of sequences for easier analysis and eliminate ones with errors 
(Hugerth and Andersson, 2017). Generally, clustering algorithms choose the most 
abundant sequences as the representatives for an OTU (also called seed sequences), 
as they are assumed to be the most accurate due to higher number of reads. Then less 
abundant sequences are clustered with the seed sequences according to sequence 
identity—with the sequence differences assumed to be errors. The threshold for 
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clustering sequences into OTUs is typically 97%, however there are a myriad of 
strategies used for picking OTUs depending on the program (Hugerth and Andersson, 
2017). The intended result is having a set of OTUs with sequence abundances that 
represent true biological diversity (Hugerth and Andersson, 2017). OTUs historically 
have been regarded as de facto species units when sequences were clustered at a 97% 
cut-off (Johnson et al., 2019), however recent data has shown that such a cut-off does 
not account for intragenomic variation between 16S rDNA copies. Further, there are 
documented cases of this not being true; for example, there are strains of Shigella that 
have an identical 16S rDNA with Escherichia coli (Zuo et al., 2013). Therefore, variation 
in 16S rDNA sequences, especially when dealing with short amplicons of 300-500 bp, 
does not always correlate with species boundaries. As such, while 16S rDNA OTUs 
have been a valuable tool for exploring microbial systems they need to be interpreted 
with caution.   
Leveraging modern computing power newer algorithms set out to provide 
meaningful sequencing variants without clustering sequences. For example, the Divisive 
Amplicon Denoising Algorithm 2 (DADA2) sets out to provide the user with amplicon 
sequence variants (ASVs) through sequence error correction (Callahan et al., 2016). 
The algorithm first considers sequences based on abundance, with the relatively high 
abundance sequences assumed to be accurate, and the less abundant sequences to 
include those with errors. It then creates a substitution error model based on quality 
scores from sequencing and sequences clusters it generates, and then uses that model 
to correct sequencing reads. In essence, it aims to correct lower abundant reads that 
have a high probability of containing sequencing errors but preserves sequence variants 
derived from true mutations (Callahan et al., 2016). Therefore, ASVs provide a more 
accurate collection of sequences when doing 16S rDNA metabarcoding and can improve 
taxonomic resolution (Callahan et al., 2017). Callahan et al. argues that ASVs provide 
the advantage of having a consistent biological label, irrespective of reference database 
or clustering algorithm, with intrinsic biological value—a distinct advantage over an OTU. 
They further note that ASVs are not without their disadvantages, as it does not 
necessarily compensate for intragenomic variation, and the same genome can be 
represented by multiple ASVs (Callahan et al., 2017). By extension, this also can mean 
that different strains of the same species could be represented by different ASVs, and 
therefore ASVs by themselves could represent sub-species resolutions. Vice-versa, 
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some bacterial species may be well represented by a single ASV, and there is no way to 
determine this with metabarcoding data alone.  
To capture broader metabolic data and gauge the metabolic capacity of snow 
algae, other resesarchers have used shotgun metagenomics and metabolomics. A study 
of red snow samples from Franz Josef Land, Russia looked at three shotgun 
metagenomic libraries sequenced on an Illumina MiSeq, which resulted in a total of 
270,188 reads (read lengths unreported; Hisakawa et al., 2015). Lutz et al. furthered this 
approach by analyzing metabarcoding, shotgun metagenomics, metabolomics and 
physicochemical data together on samples taken from one green and one red snowfield 
on Feiringbreen in Svalbard (Lutz et al., 2015b). Lutz et al. sequenced their 
metagenomic library on an Ion Torrent Personal Genome Machine, total reads used for 
analysis were unreported and so was read length sequenced (2015b). Both studies were 
able to provide insights into the metabolic genes present in the algae blooms (discussed 
further below) and provide comparisons between white and red snow (Hisakawa et al., 
2015) as well as between green and red snow (Lutz et al., 2015b). A major drawback to 
these studies however is their low sample size and read depth. As the goal is to 
sequence as much of the DNA as possible a tension arises between sample number, 
read depth and resource limitations. It is not evident that the comparisons done in these 
two studies are representative of white, red and green microbial communities in general 
or if they only captured some portion of the community. Further, neither study clearly 
reported the amount of sequencing data they analyzed, estimates of the taxonomy of the 
genes they looked at, or any estimates on genomic coverage. Therefore, it is difficult to 
know if their respective sequencing read depths accurately represented their samples. 
The use of shotgun metagenomics to gain insight into the metabolic insights of snow 
algae blooms is further complicated by the lack of knowledge on inter-bloom biodiversity, 
which would inform sampling and sequencing efforts. Despite their drawbacks, these 
studies represent some of the first forays into studying the complex microbial ecology of 
snow algae blooms.  
1.3. Defining algal species  
The most commonly applied species definition when studying eukaryotes is the 
biological species definition (BSD). The BSD defines a species as an interbreeding 
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population that can produce viable offspring, i.e. through sexual reproduction. The BSD 
sounds useful as an estimated 99.9% of Eukaryotes are capable of sexual reproduction 
(Otto, 2008), most microalgae included. However, it has its drawbacks. It is recognized 
that the BSD draws arbitrary boundaries around what is in a sense a moving target, i.e. it 
only considers organisms in their present form and ignores evolutionary history (Leliaert 
et al., 2014). Leliaert et al. discusses how algal taxonomists grew dissatisfied with the 
BSD as it does not stipulate how strong reproductive isolation needs to be to mark a new 
species (2014). They further highlight how impractical of a tool it is for studying algae, as 
it is difficult to induce sexual reproduction in the lab. While there are various other 
species definitions that can be applied, there is no fundamental definition that applies to 
all eukaryotes or all life.  
Despite the fact that the BSD concept is difficult to apply to algae, decades of 
taxonomic work have been based upon it, often using proxy data assumed to 
correspond with reproductive isolation. Historically, many algal species and taxa have 
been described based on their morphological variation (John and Maggs, 1997; Leliaert 
et al., 2014; Mann, 1999). To this day the rules in the International Code of 
Nomenclature for algae, fungi and plants (ICN) imply that speciation results in 
morphological variation. For example, the ICN Article 44.2 that states a new species is 
not validly published without an illustration or figure showing its distinctive morphological 
features. Using a morphological definition to diagnose a species is problematic as 
convergent morphological evolution, morphological stasis and phenotypic plasticity are 
common (Leliaert et al., 2014; Verbruggen, 2014). The use of morphology to define algal 
species can result in erroneous comparison of data from different studies. For instance, 
over a century ago the snow algae species Chlamydomonas nivalis (Chl. nivalis) was 
proposed based on its appearance when found in snow, and thereafter anything that 
looked spherical, 10-50 μm in diameter with red pigments found on snow was called Chl. 
nivalis (Hoham and Remias, 2020). There are examples of recent studies where no 
effort was made to verify that the alga they studied was in fact Chl. nivalis or 
corresponded to other strains historically called Chl. nivalis (Gorton and Vogelmann, 
2003; Zheng et al., 2020). Confusion over what the name Chl. nivalis refers to is 
perpetuated by the availability of DNA sequence data in NCBI’s GenBank and 
commercially available cultures labelled as Chl. nivalis that have no verified relation to 
the original type material. Unfortunately, there is no available Chl. nivalis type material to 
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use in DNA work to add phylogenetic information to its description. Therefore, despite 
the name still being used in the literature there is no precise definition for the name Chl. 
nivalis. The result is over a decade of research based on a species with no reliable 
metric for comparing strains used in different studies. The true scale of the problem 
concerning the species complex of Chl. nivalis is not fully understood, as we don’t know 
how many different algal species have the same morphological description as Chl. 
nivalis. 
The use of the ITS2 for delimiting species boundaries is a genetic tool that 
gained popularity over the last decade (Leliaert et al., 2014). The ITS2 is an interspacer 
region between the small and large ribosomal subunits and is between the 5.8S RNA 
gene and the 26S RNA gene (Fig. 1.1a). The ITS2 region is transcribed along with the 
ribosomal cistron and then is degraded during LSU synthesis playing a role in 
ribogenesis as an assembly factor (Coleman, 2009; Zhang et al., 2020). The secondary 
structure of the ITS2 is generally conserved across all eukaryotes, with four helices 
(Coleman, 2003; Fig. 1.2b). A drawback of using ITS2 is that it can be difficult to align, 
even between closely related organisms within the same genera; therefore, co-aligning 
the conserved secondary structure can increase accuracy of DNA alignments. Once the 
ITS2 sequences of the algae of interest are aligned a compensatory base change (CBC) 
analysis can then be used to assess species boundaries. A CBC is a specific mutation 
that occurs in an otherwise conserved sequence motif in an ITS2 helix, where the 
bonded base-pairs are mutated between two sequences being compared, but the 
position is maintained (Fig. 1.1c). As helix length can vary due to indels between taxa, 
having a good alignment is crucial for properly calling CBCs (Seibel et al., 2006). Müller 
et al. (2007) did an analysis on 1300 closely related species and found that 93% of the 
time when there was a single CBC in the secondary structure of the ITS2 they were of 
different species. If there were no CBCs present there was a 76% chance the two 
organisms being compared were the same species. Further work has shown that the 
using CBC’s to delimit species correlates with the BSD and is robust regardless of 
intragenomic variation (Wolf et al., 2013). The development of the CBC species concept 
as a proxy for the BSD has allowed for the detection of cryptic species, i.e. a species 
closely related to and similar in form to another so that it was previously undescribed 
(Leliaert et al., 2014).  
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1.4. Snow algae species diversity  
The diversity of snow algae species has been undergoing revision with the 
advent of DNA sequencing technologies and modern phylogenetic methods. The most 
commonly found species of algae found on snow are from two green algae families 
(Chlorophyta): Chlorophyceae and Trebouxiophyceae, although some blooms 
dominated by Ochrophyta have been reported (Davey et al., 2019; Hamilton and Havig, 
2017; Hoham and Remias, 2020; Lutz et al., 2016; Remias et al., 2013, 2020; 
Terashima et al., 2017). Within Chlorophyceae the genera Chlamydomonas, 
Chloromonas (Cho.), Sanguina and Chlainomonas (Cha.) can all be found around the 
globe in both alpine and polar regions (Hoham and Remias, 2020). As discussed above, 
many algae found on snow with red spherical cells were called Chl. nivalis historically; 
however, in recent years taxonomists have begun teasing this species complex apart.  
In 2019 Procházková et al. published a paper describing the new snow algal 
genus Sanguina, with two new species: S. aurantia and S. nivaloides (Procházková et 
al., 2019). The genus Sanguina was diagnosed (i.e. describing how, in the authors 
opinion, it is differentiated from other species) as distinguishable from other red cyst-
forming algae by the number of cell walls, cell size, cell surface morphology and habitat 
preference (Procházková et al., 2019). The authors further described a total of 18 
haplotypes of S. nivaloides based on ITS2 sequence data. The creation of these two 
species was foundational for studying snow algae blooms, as these two species are 
found globally and begin to unravel the Ch. nivalis complex (Hoham and Remias, 2020; 
Procházková et al., 2019). However, the work diagnosing the two Sanguina species did 
not include a complete community analysis of their samples nor an analysis of specific 
cells. Instead, they did PCR on bulk DNA extractions from samples which they claimed 
to visually contain only Sanguina cell types. Visual inspection of a sample is likely not an 
accurate method to ensure that a bloom consists of only one species, as 18S rDNA 
metabarcoding studies report that blooms contain a mix of algal species and genera 
(Lutz et al., 2015b, 2016; Terashima et al., 2017). Therefore, it is still unclear if the 
morphological descriptions attributed to Sanguina spp by Procházková et al. (2019) 
could apply to other species or genera and simply be a result of convergent evolution. 
More data is needed to determine if there are different bloom types, in which Sanguina 
spp. or other algae dominate different blooms. A broad regional study is needed that 
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collects samples from a variety of habitat types, such as above and below treeline in 
alpine systems. Thereby we could determine if there are indeed blooms dominated by 
Sanguina spp., or other taxa, as reprsented by Procházková et al. (2019).  
The extent of Chloromonas and Chlainomonas species diversity found on snow 
is still unknown. Chloromonas species can be difficult to distinguish from each other as 
their morphology changes between field samples and being cultured in the lab. Recent 
discoveries using DNA based analyses have revealed several cryptic species that were 
previously obscured by using morphological based species descriptions (Matsuzaki et 
al., 2015, 2018). With the increase in the number of described snow-borne Chloromonas 
species more work is needed to better understand their ecology and global distributions. 
However, even less is known about Chlainomonas species diversity with two named 
species, Cha. kolii and Cha. rubra, that can be found globally (Novis et al., 2008b; 
Procházková et al., 2018b, 2018a; Remias et al., 2016). Some work has been done 
examining Chlainomonas spp. ecophysiology; however, the exact species are not 
always identified (Procházková et al., 2018a; Remias et al., 2016). While Cha. rubra 
appears red on snow like Sanguina spp, its cells are typically twice their diameter and 
have been noted to be quadriflagellate (Novis et al., 2008b). Interestingly, both 18S and 
rbcL phylogenies show that Chlainomonas is embedded within the Chloromonas genus 
clade (Novis et al., 2008b)—indicating that Chlainomonas may have been derived from a 
Chloromonas spp. 
Raphidonema (Trebouxiophyceae) has been reported to be found on snow 
across the Arctic (Biologie et al., 1966; Leya, 2020; Leya et al., 2004; Lutz et al., 2015a, 
2016) and in Antarctica (Davey et al., 2019; Leya, 2020). The genus was raised using 
the species R. nivale as a holotype, which was first isolated from snow fields on Mount 
Pichincha, Ecuador (Lagerheim, 1892). The original drawings of this species are the only 
existing type material and display elongated cells with characteristic tapered fine hair-
like-tipped ends. Over the century since it was named several new specie names have 
been created with similar morphological descriptions to that of R. nivale (Hoham, 1973; 
Katana et al., 2001; Novis et al., 2008a; Skuja, 1969; Stibal and Elster, 2005). Further 
exacerbating taxonomic confusion are observations made by Hoham, who found a strain 
of R. nivale that fit the original description in the field, but it changed form in the lab, i.e. it 
was pleiomorphic (1973). When Hoham transferred the presumptive R. nivale strain from 
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solid to liquid media he observed that it lost its filaments and dissociated into unicells 
(1973). It was also noted that cells sometimes lacked the distinctive hair-like end, and 
often resembled species from closely related genera, such as Koliella and Stichococcus. 
As species from other closely related genera also share similar simplified morphological 
features, it has become difficult to confidently identify what species new strains of 
Trebouxiophyceae are.  
 Without holotype material from which to extract DNA from it becomes difficult to 
match old names to living strains. Interpretation of morphological features from century 
old drawings can be difficult, and with simplified morphological characters and possible 
pleiomorphisms probably isn’t accurate. It also can be difficult to find the original 
publications containing the descriptions and drawings of novel species. Older records 
aren’t always digitized, can be written in languages unknown to the researcher, and may 
only be available in a certain University’s library. The result is that much of the 
taxonomic history is only discoverable through finding and contacting one of the few 
people still living with that knowledge. As a result, the authority to do systematics with 
Raphidonema and other such algal taxa is only available to a select few. 
1.5. Bloom microbial diversity  
Snow algae blooms also contain a wide diversity of organisms in addition to 
algae, including bacteria, fungi, cilliates, metazoans, other micro-eukaryotes and viruses 
(Brown et al., 2015; Davey et al., 2019; Duval et al., 1999; Hisakawa et al., 2015; Lutz et 
al., 2016; Segawa et al., 2005; Takeuchi et al., 2006; Thomas and Duval, 1995). 
Together with the algae, these microbial communities and the physicochemical 
characteristics of the melting snow environment form a microbiome. There is some 
observational data that blooms can be found dominated by different taxa of algae 
(Davey et al., 2019; Hamilton and Havig, 2017; Hoham and Remias, 2020; Lutz et al., 
2016; Remias et al., 2013, 2020; Terashima et al., 2017), but it isn’t known how the rest 
of the microbial community differs between these blooms. All studies to date have been 
limited to only a few samples for any one region and therefore no conclusions can be 
made about regional variation. For example, Krug et al. (2020) reported correlations 
between bacterial and algal taxa in samples from the Austrian Alps. However, their 
analysis was limited to 5 unique samples, which was further sub-divided by snow colour: 
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red (n =3), green (n=1), and orange (n = 1). A larger data set containing greater 
numbers of samples from different types of blooms, and covering a greater geographic 
region, is necessary to determine if there are any significant taxa associations across 
different blooms. 
However, we do know from a study by Thomas and Duval (1995) that there are 
larger and more active populations of bacteria within snow algae blooms than in 
surrounding white snow. Thomas and Duval hypothesized that like microalgae in marine 
systems, snow algae secrete photosynthate into their surroundings, and attract bacteria 
to their phycosphere. A phycosphere is a micro-diffusive zone around an algal cell in 
which they leak their photosynthate and other chemoattractants to establish mutualisms 
through the exchange of various chemicals with bacteria (Seymour et al., 2017). The 
radius of the phycosphere can be plotted as a function of algal radius, with phycosphere 
size generally increasing sharply until cells have a radius greater than 20 μm (Seymour 
et al., 2017). Algal-bacterial mutualisms can be vital for algal growth within oligotrophic 
or otherwise extreme environments (Seymour et al., 2017). There is some evidence for 
bacterial mutualisms with snow algae. Terashima et al. found that that co-cultures of a 
Chloromonas spp. isolated from red snow grew better when bacterial populations were 
allowed to flourish versus when they inhibited their growth with an antibiotic (Terashima 
et al., 2017).  
Understanding the metabolic diversity of bacteria in snow algae blooms can help 
inform us on the lifestyles of the bacteria (i.e. if they are heterotrophic/autotrophic, what 
sources of nutrients they utilize, if they make their own vitamins etc.). A bacterium 
isolated from red snow in Antarctica named Hymenobacter nivis gave us insight into the 
adaptations necessary for these bacteria to thrive on the snow surface alongside algae 
(Terashima et al., 2019). The bacterium is a heterotroph but is still adapted to utilize 
large amounts of incoming light via bacteriorhodopsins, which are light driven proton 
pumps. The authors noted the presence of several other light sensitive proteins in its 
genome, such as phytochromes, photolyases and cryptochromes. Terashima et al. also 
showed that H. nivis grew faster in the presence of light but produced more extracellular 
polymeric substances (EPS) in the dark (2019). From this information we can 
hypothesize that H. nivis has adapted to take advantage of the excess amounts of 
incoming solar radiation during the day, likely using it to drive ATP generation using 
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bacteriorhodopsins. After the sun goes down, the bacterium switches to focus on 
microhabitat maintenance, excreting EPS to help maintain a favourable osmotic and 
redox environment around itself, protect itself from desiccation and the formation of ice 
crystals as temperatures fall. Within a phycosphere the nocturnal activities of H. nivis 
would benefit the algal cells as well by establishing a suitable microhabitat where 
beneficial bacteria and other microbes can flourish. Further, the generation of CO2 and 
consumption of O2 by bacteria during metabolism can help enhance algal photosynthetic 
rates (Mouget et al., 2006). More work is needed to know if the adaptions of H. nivis are 
widespread through the snow bacterial community, and what other types of metabolites 
they have the capacity to make.  
However, before further study can be done on algal-bacterial interactions within 
blooms more information is needed on their taxonomic and metabolic diversity. While the 
co-culture experiment and description of H. nivis provide us with valuable insights, we do 
not know how applicable they are to snow algae blooms across a region. For instance, it 
isn’t clear if there are specific bacterial-algal taxa that regularly co-occur, as suggested 
by Krug et al. (2020). Conversely, there could be bacteria common to blooms across a 
region regardless of dominant algal taxa. The differences in their distributions would lead 
to different hypotheses on their interactions, and whether they are co-evolved and 
species specific. Having more information on the distribution as well as the metabolic 
capabilities of different taxa will provide more context to observations on any one 
bacterial strain. 
1.6. Microbiome chemical ecology  
Microbial symbioses are often mediated through chemical interactions. As 
discussed previously, many of these interactions between bacteria-algae occur in the 
phycosphere. In some cases, algae species require metabolites exogenously produced 
by bacteria to grow. For example, Croft et al. surveyed 306 algal species from 7 algal 
Phyla and found that 236 species were auxotrophic for at least one B-vitamin—with 51% 
requiring cobalamin (B12), 22% thiamine (B1), and 5% biotin (B7 ;2006). In some cases, 
exogenous sources of certain nutrients aren’t required for growth, but if provided can 
enhance it. For example, Chlamydomonas reinhardtii has the gene for the vitamin B12-
independent methionine synthase MetE (Croft et al., 2005) but, when supplied with 
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exogenous B12 by bacteria, C. reinhardtii switches to the more efficient B12-dependent 
methionine synthase, MetH (Amin et al., 2015; Park et al., 2013). Another example is 
when the diatom Pseudo-nitzschia multiseries is cultured with the bacterium 
Sulfitobacter SA11 and a complex change in behaviour occurs in both microbes, 
resulting in the mutualistic exchange of nutrients. SA11 begins by releasing the 
energetically favourable species of nitrogen, ammonium, which the diatom preferentially 
imports while downregulating expression of nitrate transporters (Amin et al., 2015). The 
bacterium also begins to export indole-3-acetic acid (IAA), which promotes algal cell 
division further accelerating the growth of the diatom. P. multiseries further down 
regulates genes related to respiration and upregulates those related to photosynthesis, 
increasing its export of photosynthate for bacterial consumption (Amin et al., 2015). This 
example of P. multiseries and SA11 is but one of many documented algal-bacterial 
mutualisms mediated by different metabolites (Seymour et al., 2017). The challenge of 
studying these interactions is the sheer complexity of microbial systems, where there 
may be hundreds or even thousands of species within a microbiome.  
Nitrogen and sulfur are both essential elements for life on Earth as they are 
required for building essential biomolecules, such as amino acids. The acquisition and 
cycling of these nutrients can structure microbial communities in terms of taxonomic and 
metabolic diversity, and modulate activity of the entire system (Jetten, 2008). Processes 
related to nitrogen and sulfur acquisition and cycling largely depend on the redox state of 
the system and what nutrient species are present.  
The microbial processes that initiate the utilization of nitrate for growth are 
assimilatory (ANR) and dissimilatory (DNR) nitrate reduction (Kamp et al., 2015; Tiedje 
et al., 1981). Nitrate reduction has three important purposes for microbes, the utilization 
of nitrogen for growth (assimilation), for metabolic energy by using nitrate as a terminal 
election acceptor (dissimilatory), or for removal of excess nitrate from the system to 
balance the redox state (denitrification; (Moreno-Vivián et al., 1999)). ANR is expected 
when reduced nitrogen is limiting and the ammonium produced from the reduction of 
nitrate or nitrite is incorporated into biomass (Tiedje et al., 1981). DNR in contrast is a 
process for energy conservation, where nitrate is used as an electron acceptor in low 
oxygen or anaerobic conditions (Tiedje et al., 1981). DNR can be accomplished through 
several different pathways with different end products; nitrogen species that result from 
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DNR include nitrite, ammonium, or nitrogen gas (Kamp et al., 2015; Tiedje et al., 1981). 
The production of nitrogen gas typically results in nitrogen’s removal from the system 
and is a result of complete denitrification to counter toxic nitrite levels (a type of DNR). 
Some bacteria are capable of incomplete dentification, however, and instead produce 
nitrous oxide or nitric oxide. As a result of their abilities to transform nitrogen, bacteria 
are an integral part of the nitrogen cycle (Kamp et al., 2015; Tiedje et al., 1981). ANR 
and DNR are not strictly separate processes however, as nitrate and nitrite reductases 
from the DNR pathway can contribute intermediates used for ANR. The differences in 
what enzymes are used depends on how they are regulated, typically through nitrogen 
species concentrations or redox state (Moreno-Vivián et al., 1999).  By learning what 
ANR and DNR genes bacteria contain within a microbiome we can hypothesize about 
the structure of the nitrogen cycle within a given microbiome (Wang et al., 2021).  
Like nitrogen, understanding what bacterial genes are present for the acquisition 
and transformation of sulfur species provides insights into a microbiome. Bacteria can 
use both oxidized and reduced sulfur in their metabolism, which is dependent on the 
oxidation state of their system and what genes they have (Kushkevych et al., 2020). For 
instance, in anaerobic conditions dissimilatory sulfate reduction (DSR) can occur, which 
produces hydrogen sulfide gas. DSR is carried out by what are termed sulfate-reducing 
bacteria (SRB), which use organic compounds and carbon as an energy source 
(Kushkevych et al., 2020). During DSR sulfate is used as a terminal electron acceptor 
and is reduced to hydrogen sulfide (Kushkevych et al., 2020). In contrast, assimilatory 
sulfate reduction (ASR) is used for building sulfur-containing amino acids and occurs in 
plants and microorganisms. The end product of ASR is sulfite which is then transformed 
into L-cysteine, which is the main mechanism for sulfur incorporation into organic 
compounds (Schiff, 1979). Some bacteria can also utilize organosulfur molecules like 
taurine and sulfonates, which can be imported into the cell and then metabolised into 
sulfite for ASR (Nishikawa et al., 2018; Van Der Ploeg et al., 2001). A third pathway is 
the oxidation of inorganic sulfur (SOX) pathway, which is the oxidation of thiosulfate to 
sulfate, but some bacterium can oxidize hydrogen sulfide, sulfide, sulfur, sulfite or 
various polythionates as well (Friedrich et al., 2001). SOX provides bacteria with a 
reductant to use in carbon fixation or can be used in the electron transport chain for 
energy conservation (Grabarczyk and Berks, 2017).  
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1.7. Research aims  
In this thesis I set out to uncover and describe the biological diversity within snow 
algae blooms. Through the study of their diversity, I aim to further our knowledge on the 
species and taxa that live within them, gaining observations to make informed 
hypotheses on their ecology. I will focus my study on mountains in the Canadian Coast 
Range in B.C., near Vancouver and Whistler. As alpine snowpacks melt out sooner 
seasonally, I aim to document the biological species present before their microbiomes 
are irreparably changed. With a better understanding of the microbial communities in 
blooms we can develop foundational hypotheses for exploring their ecology and their link 
to their environment.  
In Chapter 2, I present a metabarcoding sequencing survey of algal communities 
in 31 snow algae blooms using both 18S rDNA and rbcL as markers. As little data exists 
on the algae communities in alpine systems in general, and even less from the Coast 
Range, I began by asking: what algal taxa are present in blooms? Further, we were able 
to test the hypothesis that algae species had preferential habitats, and we would predict 
to see different blooms dominated by different species. In total over 309 samples were 
collected from alpine and sub-alpine sites in the Coast Range during the summer of 
2018. Samples came from snow coloured red, orange and green from 13 different 
mountains with elevations ranging from 880 to 2,150 m above sea level. For sequencing 
and further analysis a subset of samples were chosen that covered a range of 
mountains, elevations, dates and that contained different algal cell morphologies—as 
seen under a light microscope  
As our metabarcoding surveys in Chapter 2 revealed undescribed algal diversity, 
I endeavored to describe new algae species in Chapter 3. In 2017 Dr. Quarmby acquired 
field samples from snow algae blooms and began culturing algal isolates in the lab. Of 
these, I had determined that five strains were cold adapted and were able to grow below 
10°C, and grew well at 4°C. The morphology of these strains suggested they were of 
Trebouxiophyceae, with simplified morphological characteristics, elongated cells 4-10 
μM’s long with rounded ends, sometimes forming short 1-4 cell chains. These 
morphological characteristics did not correspond to any one genus or species, but were 
indicative of either Stichococcus, Koliella or Raphidonema. To solve this taxonomic 
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quandary, I began collecting 18S rDNA, ITS2 and rbcL sequence from the five strains. 
These DNA data still did not clarify the strains taxonomic placement as they did not 
match reference data from any species type strains. Instead, they indicated our strains 
may be closely related to Pseudochlorella. To resolve their taxonomy, I expanded my 
analysis to include over 30 strains of microalgae collected from around the globe. Using 
molecular data, I clarified the relationships of Raphidonema, Pseudochlorella, 
Stichococcus and Koliella. I was then able to place our five novel isolates into a genera 
and assign them a species name. 
In Chapter 4 I aimed to explore the diversity of non-algal taxa within snow algae 
blooms, including archaea, bacteria, fungi, metazoans, ciliates and other protists. By 
learning more about what taxa can be found in blooms I was able to hypothesize about 
trophic links and symbioses within the microbiome. Further, in Chapter 2 I reported that 
the algae community composition changes in blooms with elevation, and so I wanted to 
test if this also happens with other microbial communities. To do this I did a 
metabarcoding study using both 18S rDNA and 16S rDNA as marker genes to survey 
the eukaryotic and prokaryotic communities respectively. I analyzed data from 55 snow 
algae blooms (totalling 68 samples), including those from green (n = 20), red (n = 31), 
and orange (n = 17) snow. I looked at both ASVs, OTUs family and phyla to get assess 
the sequence variation amongst the samples.  
In Chapter 4 I found widespread bacterial taxa in snow algae microbiomes, and 
so in Chapter 5 I endeavored to explore their genomic and metabolic gene diversity. 
Since the only data we had on these bacteria was short 16S rDNA sequences I did a 
shotgun metagenomics sequencing run on four red snow samples. The goal of the 
sequencing run was to be able to assemble sequencing reads into contigs that contain 
metabolic genes from the bacterial taxa common to snow algae blooms. The advantage 
of using NGS rather than culturing methods is that I won’t be inhibited by any challenges 
in isolating and growing these bacteria in the lab; instead, I was able to acquire data on 
a large portion of the community with a single NGS run. To further the analysis of the 
bacterial metagenome, I also binned contigs into metagenomically assembled genomes 
(MAG), which putatively represent a single bacterial species. I was then able to search 
the bacterial metagenome and MAGs for genes related to nitrogen and sulfur cycling as 
well as those related to the chemical ecology of blooms. These data underpin 
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hypotheses on the microbial interactions within blooms and provide insights on their 
metabolic capabilities. 
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Figure 1.1 Photographs of snow algae blooms.  
The photo of the red bloom (top) was taken on Mount Brew, the green on Sky 
Pilot Mountain (bottom left) and the orange on Mount Garabaldi (bottom right). 
These photos were taken by Casey B. Engstrom and used here with permission. 
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Figure 1.2 Macro- and micro- photographs of snow algae found in blooms. 
Panel a and b are close up pictures showing the thick biofilm found in some snow 
algae blooms. Panels c-e are photographs taken using DIC on a light microscope 
showing examples of what algal communities can look like. Panel d shows an 
algal cell that has exploded during handling and has leaked a hydrophobic red 
pigment called astaxanthin. Photo in panel e was taken by Casey B. Engstrom 















Figure 1.3 Photomicrographs of some non-algal taxa found in snow algae 
blooms. 
The top photograph shows bacterial cells in the foreground, with algae in the 
background. The middle photograph shows presumptive Chytridiomycota 
parasitizing an algal cell. The bottom photograph is of a rotifer. These photos 




Figure 1.4  The ITS2 region and compensatory base change (CBC) analysis 
overview. 
(a) The ITS2 is commonly amplified using PCR and used to delimit algal species. 
(b) Common features of a folded ITS2 RNA sequence include four helices, plus 
the 5.8S/LSU stem as well as two RNA processing sites. When comparing the 
secondary structure between multiple strains (c) CBCs can be found. CBCs are 
mutations where the overall structure of the helix is conserved, but the base pairs 
involved in the secondary structure bond is different between compared strains.  































Figure 1.5  A simplified illustration of the algal phycosphere.  
The green circles represent algal cells, and the dark outer circles represent the 
micro-diffusive zone of photosynthate that surrounds them. The other smaller 
cells in black represent bacterial cells moving via chemotaxis towards the 
phycosphere, where they are found in higher abundance.  
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Variation in snow algae blooms in the Coast Range 
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Snow algae blooms cover vast areas of summer snowfields worldwide, reducing 
albedo and increasing snow melt. Despite their global prevalence, little is known about 
the algae species that comprise these blooms. We used 18S and rbcL metabarcoding 
and light microscopy to characterize algae species composition in 31 snow algae blooms 
in the Coast Range of British Columbia, Canada. This study is the first to thoroughly 
document regional variation between blooms. We found all blooms were dominated by 
the genera Sanguina, Chloromonas, and Chlainomonas. There was considerable 
variation between blooms, most notably species assemblages above treeline were 
distinct from forested sites. In contrast to previous studies, the snow algae genus 
Chlainomonas was abundant and widespread in snow algae blooms. We found few taxa 
using traditional 18S metabarcoding, but the high taxonomic resolution of rbcL revealed 
substantial diversity, including OTUs that likely represent unnamed species of snow 
algae. These three cross-referenced datasets (rbcL, 18S, and microscopy) reveal that 
alpine snow algae blooms are more diverse than previously thought, with different 
species of algae dominating different elevations.  
2.2. Introduction 
Each summer, vast areas of snow surface are colored red by snow algae blooms 
in polar and alpine snowfields worldwide. Red snowfields have been found on every 
continent (Segawa et al., 2018; Duval et al., 1999; Marchant, 1982; Yoshimura et al., 
1997; Vimercati et al., 2019) as well as overlying Arctic Sea ice (Gradinger and 
Nurnberg, 1996). Snow algae blooms can be quite extensive: in Alaska, remote sensing 
suggests snow algae covered up to one third of a 1,900 km2 icefield (Ganey et al., 
2017). In recent years snow algae have received attention for their role in reducing snow 
surface albedo, which could substantially increase snow melt (Ganey et al., 2017; Lutz 
et al., 2016). Thus, snow algae could impact summer water supplies held in mountain 
snowpack, and reduce glacier mass balance. Snow algae blooms have been recorded 
throughout history since the time of the ancient Romans (Elder, 1893; Darwin, 1839), but 
we do not know whether the extent and duration of blooms are increasing with extended 
melt seasons due to global warming. Despite their potential importance in regulating 
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global albedo, we are only beginning to identify the algae species that comprise snow 
algae blooms. 
Microscopy reveals a diversity of cell morphologies in snow algae blooms, but 
different species can look nearly identical, and the same species can look completely 
different depending on environmental conditions (Matsuzaki et al., 2019). The snow 
algae Chloromonas krienitzii are small green biflagellates in culture, but cells in field 
samples are nearly twice the diameter, with orange pigment, short spines, and thick cell 
walls (Matsuzaki et al., 2015). The environmental cues that trigger this transformation 
are not well understood, but increased light intensity and nitrogen deprivation can trigger 
secondary pigment accumulation in snow algae (Leya et al., 2009), and also in the 
freshwater algae Haematococcus pluvialis (Shah et al., 2016). Green blooms of snow 
algae are less frequently described in the literature than red blooms, and some 
researchers have suggested that green snow develops into red snow (Müller et al., 
2001). Metabarcoding studies have found green and red snow with distinct community 
compositions (Terashima et al., 2017; Lutz et al., 2015), but there are some OTUs that 
are found in both green and red snow (Lutz et al., 2017), leaving open the possibility that 
red snow develops from green beginnings. 
Green algae of class Chlorophyceae are predominant in many snow algae 
blooms, including the genera Sanguina, Chloromonas, and Chlainomonas. The genus 
Sanguina was only recently established and contains just two species; however, many 
sequences from red snow form a yet-unnamed sister clade to Sanguina (Procházková et 
al., 2019). Sanguina has been found in red and orange snow algae blooms worldwide 
(Procházková et al., 2019). Many species of snow algae have been assigned to 
Chloromonas, including at least twelve cultured representatives (Matsuzaki et al., 2019). 
Various Chloromonas species can form green, orange, or brown colored blooms on the 
snow surface, and are also found worldwide (Remias et al., 2018, 2013; Prochazkova et 
al., 2018). Less is known about Chlainomonas, which has been found in central Europe, 
western USA, and New Zealand (Novis et al., 2008; Remias et al., 2016; Procházková et 
al., 2018). The distinctive red-pigmented cells of this genus (nearly twice the diameter of 
Sanguina nivaloides) have only been reported from waterlogged snow overlying alpine 
lakes (Novis et al., 2008; Remias et al., 2016; Procházková et al., 2018). 18S rDNA and 
rbcL sequences show that Chlainomonas is closely related to Chloromonas (Novis et al., 
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2008). While Chlorophyceae predominate in many snow algae blooms, other classes of 
snow algae have been reported: Chrysophyceae in yellow snow in Antarctica, the Alps, 
and Svalbard (Soto et al., 2020; Remias et al., 2019), and Trebouxiophyceae in green 
snow in Greenland (Lutz et al., 2015). 
While many species of snow algae have been described on the basis of 
morphology and Sanger sequencing, metabarcoding studies have found red snow algae 
blooms are dominated by relatively few OTUs. Algae community composition was similar 
in 33 Arctic red snow samples, all of which were dominated by two OTUs of uncultured 
Chlamydomonadaceae, along with low relative abundance of Raphidonema nivale and 
Chloromonas polyptera (Lutz et al., 2016). Another study using ITS2 metabarcoding 
found 24 polar red snow sites contained similar algae assemblages, also dominated by 
two OTUs of uncultured Chlamydomonadaceae with secondary abundance of 
Raphidonema and Chloromonadinia (Segawa et al., 2018). Other studies using 18S 
metabarcoding were limited to class level taxonomic assignments of algae (Hamilton 
and Havig, 2017)—being highly conserved, short 18S reads cannot distinguish between 
closely related species or genera. 
Based on how little is known about the regional variation in species composition 
of snow algae blooms, we set out to answer the following questions: what species of 
snow algae are found in our region? What patterns of co-occurrence exist between 
species? Which species are the most abundant? Are there distinct bloom types 
dominated by different species? To answer these questions, we assessed snow algae 
species composition in 33 samples from the Coast Range of British Columbia using light 
microscopy and 18S and rbcL (coding for Rubisco large subunit) metabarcoding. rbcL 
OTU richness was greater than 18S, revealing previously unknown diversity. By cross-
referencing rbcL, 18S, and microscopy-based community composition we were able to 
account for some of the biases inherent in morphology-based identification and PCR-
based metabarcoding. Our results show that snow algae species composition was highly 




2.3. Materials and Methods 
2.3.1. Field sampling and microscopy 
We collected 309 snow algae samples from alpine and subalpine sites in the 
Coast Range near Vancouver, British Columbia, Canada throughout the summer of 
2018 (Fig. 2.1). We collected red, orange, and green snow samples from 13 different 
mountains from elevations ranging from 880 to 2150 m above sea level (Table 2.1). We 
collected samples from progressively higher elevations throughout the season as snow 
melted at lower elevations. We scooped samples from visibly colored snow into sterile 
50 mL tubes and kept samples cold during transport back to the lab by storing in snow. 
We melted each sample at room temperature on the lab bench, removed a 1 mL aliquot 
for light microscopy, and then stored the remaining sample at -20 °C for up to eight 
months until DNA extraction. 
We immediately fixed microscopy aliquots in 2% gluteraldehyde, which we stored 
at 4 °C for up to 72 hours. We quantified the relative abundance of morphospecies in 
122 samples by identifying 100 cells on a haemocytometer under 400x light microscopy. 
We classified cell morphology based on similarity to published photographs of Sanguina 
nivaloides (Procházková et al., 2019), Chloromonas cf. nivalis (Prochazkova et al., 
2018), Chloromonas cf. brevispina (Matsuzaki et al., 2015), Chloromonas krienitzii 
(Matsuzaki et al., 2015), Chlainomonas rubra (Novis et al., 2008). Cells that did not fall 
into one of these categories we classified as either “green cell” or “other.” We did not 
attempt to identify green cells, as different taxa can look highly similar and are therefore 
prone to misidentification by light microscopy. 
2.3.2. DNA extraction and amplicon library preparation 
We selected 33 samples for rbcL and 18S metabarcoding. We chose this subset 
to include samples from different mountains, elevations, and dates, including samples 
containing distinct or unfamiliar cell morphologies. To lyse the cells, we freeze-dried 
samples and mini-pestled 5-20 mg at room temperature before incubation in CTAB lysis 
buffer (CTAB extraction buffer, 2009). We extracted DNA in small batches of 5-6 
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samples at a time using chloroform:isoamyl alcohol (Cubero et al., 1999), and purified 
DNA using ethanol and spin columns (Qiagen, Hilden) (Supplementary Protocol S3). As 
a negative control against cross-contamination we processed a tube of sterile distilled 
water alongside each batch, and tested this for DNA with a Qubit fluorometer (Thermo 
Fisher, Waltham, MA). 
We designed custom primers to target a hypervariable region of snow algae 
rbcL. This gene is an established barcode for green algae and is highly differentiated at 
the species level (Hall et al., 2010). We designed rbcL primers with the Eurofins primer 
design tool (eurofinsgenomics.eu/en/ecom/tools/pcr-primer-design/) based on the 
consensus of 20 GenBank snow algae sequences, targeting a 400 bp region (Fig. 2). 
Sanguina sequences were not included because they were not available at the time. For 
18S we used the universal primers Euk1181 and Euk1624 targeting the V7-V8 
hypervariable regions (Wang et al., 2014) (Fig. 2.3A). We also compared the 18S rDNA 
primers used here to those used in previous metabarcoding studies (Fig. 2.3B). Primer 
sequences are available in Table 2.2. 
We constructed our amplicon library using a two-step PCR. In the first PCR we 
amplified template DNA using our primers attached to a universal adapter, and in the 
second PCR we re-amplified that product to attach a 6 bp index to the universal adapter 
at the 3’ end (Meyer and Kircher, 2010). The first PCR total volume was 25 μL, 
consisting of 1 μL template, 12.5 μL Q5 high-fidelity 2X Master Mix (New England 
BioLabs), 1.25 μL each of forward and reverse primer, and 9 μL of ddH2O. The second 
PCR was the same except we reduced our reaction volume to 20 μL by using only 5 μL 
of ddH2O. The cycling conditions were the same for both primer pairs for the first PCR, 
with an initial denaturation at 98 °C for 30 s, followed by 30 cycles of 98 °C for 5 s, 58 °C 
for 10 s, and 72 °C for 25 s, with a final extension at 72 °C for 2 minutes. For the second 
indexing PCR we started with an initial denaturation at 98 °C for 30 s, then 10 cycles of 
98 °C for 10 s, 65 °C for 30 s, and 72 °C for 30 s with a final denaturation of 72 °C for 5 
min. We purified PCR product from each step using Agencourt AMPure XP kit (Beckman 
Coulter, Brea, CA). We then standardized DNA concentration with Qubit, pooled 
samples, and sequenced our library on an Illumina MiSeq platform using the V3 kit 
(Illumina, San Diego, CA). 
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2.3.3. Bioinformatic processing 
We demultiplexed reads with CUTADAPT (Martin, 2011), and followed the 
default pipeline of DADA2 to filter, trim, denoise, dereplicate, merge paired-end reads, 
and remove chimeras (Callahan et al., 2016). We assigned taxonomy to amplicon 
sequence variants (ASVs) using IDTaxa, discarding assignments with a confidence 
score of 50% or lower. This is within IDTaxa’s recommended settings of 40% to 60% 
(Murali et al., 2018). Because snow algae are not well represented on databases such 
as SILVA, we made custom databases for both 18S and rbcL using all available snow 
algae sequences on GenBank. Additionally, we classified 18S ASV taxonomy with 
SILVA, using the same 50% confidence cutoff as before (Quast et al., 2013). 
We visualized rbcL ASV genetic distance using t-SNE (Maaten and Hinton, 
2008), and then clustered ASVs by sequence similarity into OTUs using DBSCAN 
(Hahsler et al., 2019) with the epsilon parameter set equal to 4. The output of t-SNE 
depends on a user-specified parameter “perplexity,” which determines whether the 
algorithm pays more attention to local or global clustering patterns (Wattenberg et al., 
2016). To ensure that our results were not an artifact of this parameter selection, we ran 
the algorithm with a range of values from 10 to 50 and found no effect on the results. To 
validate this unconventional OTU clustering method (t-SNE and DBSCAN) we overlaid 
these OTU clusters on phylogenetic trees using IQTree (Nguyen et al., 2015). All scripts 
used in this analysis are freely available at 
github.com/cengstro/bc_snow_algae_amplicon. 
2.4. Results 
We observed morphologically distinct snow algae blooms at different elevations 
(Fig. 2.4 and 2.5). We observed green, orange, and red snow as early as May 18 (during 
the 2018 melt season) in forested areas but did not observe snow algae above treeline 
(approximately 1500 m in our study region) until June 20 (Table 1). Red snow was 
prevalent in areas of high solar exposure above treeline, and most of these sites were 
dominated by cell morphologies we classified as Sanguina cf. nivaloides. Cells 
resembling Chlainomonas rubra were common at all elevations, often as the dominant 
cell type. Below treeline, the dominant cell morphologies were classified as 
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Chloromonas cf. brevispina, Chloromonas cf. nivalis, and green cells that we did not 
attempt to classify. 
Both 18S and rbcL amplicon libraries were dominated by reads assigned to 
Chlorophyta (Fig. 2.6). We detected 68 algae amplicon sequence variants (ASVs) using 
18S: 50 Chlorophyceae, 11 Trebouxiophyceae, and 7 Chrysophyceae. Our rbcL library 
detected 644 ASVs: 603 Chlorophyta and 41 Trebouxiophyceae. We found seven 
distinct rbcL ASV clusters (which we define here as OTUs) compared with just three 
18S-defined algal OTUs. In rbcL, the most abundant genera were Chloromonas, 
Chlainomonas, and Sanguina. Although the majority of ASVs were not assigned to 
genus level, our clustering showed that most ASVs were genetically similar to one of 
these three genera (Fig. 2.6). OTUs “D” and “F” were closely related to Chloromonas, 
but they did not match any known species on GenBank. OTU “E” was not assigned to 
genus level, and the ten best BLAST matches included six different genera within 
Chlamydomonadaceae (86-87% sequence match), two of which were Chloromonas 
snow algae (LC012735). 
18S and rbcL taxonomic composition varied with elevation. Low elevation 
samples were similar as shown by low rbcL UniFrac distances (Lozupone and Knight, 
2005), while generally high elevation samples were more compositionally distinct (Fig. 
2.7). Samples collected latest in the season had the highest diversity (Fig. 2.8). Although 
there was no statistically significant trend between Shannon diversity and date, there 
was a weak correlation between Faith’s phylogenetic diversity and date (Pearson’s 
r=0.36, p=0.04). Sanguina predominated above 1500 m, but was absent below this 
elevation (Figure 2.9). High-elevation samples contained one OTU of Chloromonas that 
was absent from low-elevation sites (Figure 2.7 OTU “F”). Raphidonema was restricted 
to three samples from high-elevation snow overlying glaciers (best BLAST match to 
Raphidonema longiseta, KM462868.1). Most snow algae blooms above treeline were 
red, but we did collect two green snow samples from above treeline (N1.5, G1.4), both of 
which were dominated by Chloromonas. Chlainomonas was highly abundant at all 
elevations, in both high and low relative abundance. Chloromonas krienitzii was 
predominant around 1200 m in clearings or sparse trees. 
At one site, we observed the snow transition from green to orange (Fig. 2.10). In 
May, the surface snow was white, with green snow 2 to 5 cm below the surface of a 
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runnel (sample S2.2). On subsequent visits in June, the same runnel was orange on the 
surface with the green snow remaining below the surface (samples S4.6, S6.1, S9.2, 
S11.2). The green snow contained predominantly green cells, including cells with 2 or 4 
flagella, while the orange snow contained predominantly orange spherical cells 
resembling Chloromonas krienitzii (Matsuzaki et al., 2015). Both green and orange snow 
were dominated by rbcL reads assigned to Chloromonas krienitzii, although the orange 
surface snow contained slightly higher abundance of Chlainomonas (Fig. 2.10). 
2.5. Discussion 
Snow algae blooms are a widespread and globally important phenomenon, yet 
until now the distribution of distinct blooms within a region has not been well 
documented. We present multiple data sets demonstrating elevational patterns in alpine 
snow algae bloom species composition. Most dramatically, Sanguina was dominant in 
red snow above treeline, while green and orange blooms of Chloromonas krienitzii were 
dominant in runnels at lower elevations. We found unexpected diversity within rbcL that 
we did not detect using 18S, including yet-unnamed species. 
Community composition was consistent between 18S and rbcL libraries. 
However, in some cases we were able to distinguish taxa by rbcL that were not 
distinguished with 18S. For example, Chlainomonas was absent from our 18S dataset 
(Figure 4), likely because 18S of this genus is nearly identical to that of the closely-
related Chloromonas. Because of this similarity, previous metabarcoding studies using 
18S may have missed this genus. Indeed, our rbcL data suggest Chlainomonas may be 
more widely distributed than previously thought. Although previous work suggested that 
Chlainomonas is restricted to waterlogged snow overlying lakes (Novis et al., 2008; 
Procházková et al., 2018), we did not find this to be the case. Only one Chlainomonas-
dominant sample was located in waterlogged snow at the edge of a melt pool (sample 
S8.11), while the other Chlainomonas-dominant sample sites were not notably wetter 
than the surrounding snow, nor were they located over frozen lakes. 
We noted that Chlainomonas was found in consistently higher relative 
abundance in our rbcL dataset than in cell counts (Fig. 2.7). One possible explanation is 
that rbcL could have overestimated Chlainomonas due to higher rbcL copy number. rbcL 
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is located in the plastid genome, and Chlainomonas rubra has multiple parietal 
chloroplasts per cell (Procházková et al., 2018). Thus, Chlainomonas could have more 
copies of the plastid genome than genera with only one chloroplast such as Sanguina 
(Procházková et al., 2019). However, Chlamydomonas reinhardtii plastid genome copy 
number can vary depending on growth conditions (Eberhard et al., 2002), so accounting 
for this potential source of bias could prove challenging. 
Our findings highlight the remaining unexplored diversity in the snow algae 
microbiome. Many ASVs were closely related to Chloromonas. Two Chloromonas OTUs 
“D” and “F” did not match any known species in GenBank—potentially unnamed species 
(Fig. 2.6). However, the majority of Chloromonas rbcL ASVs did not form distinct 
clusters, perhaps due to overlapping intraspecific variation between species. Given the 
genetic distance between OTU “E” and other rbcL ASVs, we expected to find a 
corresponding OTU in 18S, but we did not. One possibility is the 18S of OTU “E” is 
identical to other algae 18S. Indeed, rbcL diversity is likely higher within Chloromonas 
than other genera because most Chloromonas species lack a pyrenoid (Nozaki et al., 
2002), an organelle involved in the carbon-concentrating mechanism which contains 
high concentrations of cross-linked Rubisco. Perhaps due to the absence of a pyrenoid, 
many species of Chloromonas have high concentrations of non-synonymous mutations 
in the region of rbcL that codes for binding Rubisco together (Nozaki et al., 2002). While 
rbcL is a poor indicator of Chloromonas phylogeny (Nozaki et al., 2002), it nonetheless is 
highly differentiated between species and therefore is an effective barcode (Hall et al., 
2010). Future studies could use ITS2 as an additional marker, which contains 
compensatory base changes (CBCs) that correlate with species boundaries, which could 
be valuable for taxonomy assignment (Wolf et al., 2013). 
The variation in species composition we observed could be due to a wide range 
of environmental conditions. Notably, Sanguina and Chloromonas “C” were only found in 
late summer samples from high alpine sites above 1500 m (Fig. 2.7). The lack of canopy 
cover at high elevations could select for light-tolerant species, but many low-elevation 
blooms were found in clearings that also received full sunlight (Fig. 2.9). Nutrients could 
also impact snow algae species composition: garden fertilizer applied to experimental 
plots in Alaska stimulated snow algae growth (Ganey et al., 2017), and conifer litter was 
found to enhance the growth of the cultures of Chloromonas pichinchae, but not 
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Raphidonema nivale (Hoham, 1976). Intriguingly, Chloromonas was dominant in low 
elevation sites with canopy cover, while we only found Raphidonema at high-elevation 
glacier sites. In Svalbard, Raphidonema nivale abundance increased on glacier surface 
snow following windstorms, and the authors concluded that Raphidonema is a soil algae 
that can opportunistically colonize snow via wind (Stibal and Elster, 2005). However, 
given the aerial dispersal capabilities of microalgae (Tesson et al., 2016) and genetic 
overlap between Arctic and Antarctic snow algae populations (Segawa et al., 2018) it 
seems unlikely that geographic distance would pose a barrier to snow algae distribution 
on a regional scale. Day length could also explain some of the seasonal variation we 
observed: peak snowmelt would coincide with longer day length at our high elevation 
sites, whereas snowmelt coincides with shorter days at lower elevations. Site 
topography could also potentially influence species distribution: two sites dominated by 
Chloromonas krienitzii were in runnels overlying ephemeral streams, which could 
influence snow moisture and nutrient availability. However, measuring these 
environmental parameters is more challenging than it might initially appear. For 
example, depending on the time of day and weather we could visit the same bloom and 
get completely different measurements of temperature, irradiance, or snow moisture. 
The need for environmental data preceding the blooms is one of several issues that will 
be addressed in future work. 
Previous work has shown that Chloromonas krienitzii undergoes distinct green 
and orange morphologies (Matsuzaki et al., 2015), but our study is the first to document 
this transition in the field. The transition occurred from May to June, suggesting that this 
process is mediated by seasonal changes. Although Chlainomonas rbcL was abundant 
in orange surface samples, our microscopic observations suggest that this was not the 
species responsible for the orange coloration, as orange Chloromonas krienitzii far 
outnumbered the red Chlainomonas. Secondary pigments likely protect snow algae from 
the damaging effects of intense solar irradiation at the snow surface (Bidigare et al., 
1993), which could be why green cells were concentrated a few centimeters below the 
snow surface. 
In conclusion, snow algae blooms on the same mountain contain diverse species 
assemblages, with different species occurring at different elevations. Blooms were 
dominated by three genera, Chloromonas, Chlainomonas, and Sanguina. We report 
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substantially more species-level diversity than previous studies based on morphology or 
18S sequence. Our work provides insight into the diversity and distribution of snow 
algae, the primary producers in a poorly understood yet globally important microbiome. 
2.6. Data availability 
All raw sequence data are available under European Nucleotide Archive 
accession PRJEB34539. All scripts used in this study are available at 
github.com/cengstro/bc_snow_algae_amplicon. 
2.7. Acknowledgments 
We thank Leah Tooman (Simon Fraser University) for assistance with 
sequencing, and Chris Rushton (Simon Fraser University) for assistance with 
bioinformatics. 
2.8. References 
Bidigare, R. R., Ondrusek, M. E., Kennicutt, M. C., Iturriaga, R., Harvey, H. R., Hoham, 
R. W., and Macko, S. A. (1993). Evidence a Photoprotective for Secondary 
Carotenoids of Snow Algae. Journal of Phycology 29, 427–434. 
doi:10.1111/j.1529-8817.1993.tb00143.x. 
Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and 
Holmes, S. P. (2016). DADA2: High-resolution sample inference from Illumina 
amplicon data. Nature Methods 13, 581–583. doi:10.1038/nmeth.3869. 
CTAB extraction buffer (2009). Cold Spring Harbor Protocols 2009, pdb.rec11984. 
doi:10.1101/pdb.rec11984. 
Cubero, O. F., Crespo, A., Fatehi, J., and Bridge, P. D. (1999). DNA extraction and PCR 
amplification method suitable for fresh, herbarium-stored, lichenized, and other 
fungi. Plant Systematics and Evolution 216, 243–249. doi:10.1007/BF01084401. 
Darwin, C., 1809-1882 (1839). The Voyage of the Beagle. London : Dent; New York : 




Duval, B., Duval, E., and Hoham, R. W. (1999). Snow algae of the Sierra Nevada, Spain, 
and High Atlas mountains of Morocco. International Microbiology: The Official 
Journal of the Spanish Society for Microbiology 2, 39–42. 
Eberhard, S., Drapier, D., and Wollman, F.-A. (2002). Searching limiting steps in the 
expression of chloroplast-encoded proteins: Relations between gene copy 
number, transcription, transcript abundance and translation rate in the chloroplast 
of Chlamydomonas reinhardtii. The Plant Journal 31, 149–160. 
doi:10.1046/j.1365-313X.2002.01340.x. 
Elder, P. the (1893). “Chap. 57 (56.) Showers of milk, blood, flesh, iron, wool, and baked 
tiles.” in The Natural History of Pliny, Volume 1 Bohn’s Classical library. (London: 
George Bell & Sons), 87. Available at: 
https://books.google.ca/books?id=aVMMAAAAIAAJ&printsec=frontcover&source
=gbs_ge_summary_r&cad=0#v=onepage&q&f=false. 
Ganey, G. Q., Loso, M. G., Burgess, A. B., and Dial, R. J. (2017). The role of microbes 
in snowmelt and radiative forcing on an Alaskan icefield. Nature Geoscience 10, 
754–759. doi:10.1038/ngeo3027. 
Gradinger, R., and Nurnberg, D. (1996). Snow algal communities on arctic pack ice floes 
dominated by Chlamydomonas nivalis (Bauer) Wille. Proc. NIPR Symp. Polar 
Biol. 9, 35–43. 
Hahsler, M., Piekenbrock, M., and Doran, D. (2019). Dbscan: Fast Density-Based 
Clustering with R. Journal of Statistical Software 91, 1–29. 
doi:10.18637/jss.v091.i01. 
Hall, J. D., Fu, K., Lo, C., Lewis, L. A., and Karol, K. G. (2010). An assessment of 
proposed DNA barcodes in freshwater green algae. Cryptogamie, Algologie 31, 
529–555. 
Hamilton, T. L., and Havig, J. (2017). Primary productivity of snow algae communities on 
stratovolcanoes of the Pacific Northwest. Geobiology 15, 280–295. 
doi:10.1111/gbi.12219. 
Hoham, R. W. (1976). The Effect of Coniferous Litter and Different Snow Meltwaters 
upon the Growth of Two Species of Snow Algae in Axenic Culture. Arctic and 
Alpine Research 8, 377–386. doi:10.1080/00040851.1976.12003886. 
Leya, T., Rahn, A., LÃ¼tz, C., and Remias, D. (2009). Response of arctic snow and 
permafrost algae to high light and nitrogen stress by changes in pigment 
composition and applied aspects for biotechnology: Pigment change in snow 




Lozupone, C., and Knight, R. (2005). UniFrac: A New Phylogenetic Method for 
Comparing Microbial Communities. Applied and Environmental Microbiology 71, 
8228–8235. doi:10.1128/AEM.71.12.8228-8235.2005. 
Lutz, S., Anesio, A. M., Edwards, A., and Benning, L. G. (2017). Linking microbial 
diversity and functionality of arctic glacial surface habitats. Environmental 
Microbiology 19, 551–565. doi:10.1111/1462-2920.13494. 
Lutz, S., Anesio, A. M., Field, K., and Benning, L. G. (2015). Integrated ‘Omics,’ 
Targeted Metabolite and Single-cell Analyses of Arctic Snow Algae Functionality 
and Adaptability. Frontiers in Microbiology 6. doi:10.3389/fmicb.2015.01323. 
Lutz, S., Anesio, A. M., Raiswell, R., Edwards, A., Newton, R. J., Gill, F., and Benning, L. 
G. (2016). The biogeography of red snow microbiomes and their role in melting 
arctic glaciers. Nature Communications 7, 11968. doi:10.1038/ncomms11968. 
Maaten, L. van der, and Hinton, G. (2008). Visualizing Data using t-SNE. Journal of 
Machine Learning Research 9, 2579–2605. Available at: 
http://www.jmlr.org/papers/v9/vandermaaten08a.html [Accessed January 8, 
2020]. 
Marchant, H. J. (1982). Snow algae from the Australian Snowy Mountains. Phycologia 
21, 178–184. doi:10.2216/i0031-8884-21-2-178.1. 
Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput 
sequencing reads. EMBnet.journal 17, 10–12. doi:10.14806/ej.17.1.200. 
Matsuzaki, R., Kawai-Toyooka, H., Hara, Y., and Nozaki, H. (2015). Revisiting the 
taxonomic significance of aplanozygote morphologies of two cosmopolitan snow 
species of the genus Chloromonas (Volvocales, Chlorophyceae). Phycologia 54, 
491–502. doi:10.2216/15-33.1. 
Matsuzaki, R., Nozaki, H., Takeuchi, N., Hara, Y., and Kawachi, M. (2019). Taxonomic 
re-examination of “Chloromonas nivalis (Volvocales, Chlorophyceae) zygotes” 
from Japan and description of C. Muramotoi sp. nov. PLOS ONE 14, e0210986. 
doi:10.1371/journal.pone.0210986. 
Meyer, M., and Kircher, M. (2010). Illumina sequencing library preparation for highly 
multiplexed target capture and sequencing. Cold Spring Harbor Protocols 2010, 
pdb.prot5448. doi:10.1101/pdb.prot5448. 
Murali, A., Bhargava, A., and Wright, E. S. (2018). IDTAXA: A novel approach for 
accurate taxonomic classification of microbiome sequences. Microbiome 6, 140. 
doi:10.1186/s40168-018-0521-5. 
Müller, T., Leya, T., and Fuhr, G. (2001). Persistent Snow Algal Fields in Spitsbergen: 
Field Observations and a Hypothesis about the Annual Cell Circulation. Arctic, 
Antarctic, and Alpine Research 33, 42–51. doi:10.2307/1552276. 
46 
 
Nguyen, L.-T., Schmidt, H. A., Haeseler, A. von, and Minh, B. Q. (2015). IQ-TREE: A 
Fast and Effective Stochastic Algorithm for Estimating Maximum-Likelihood 
Phylogenies. Molecular Biology and Evolution 32, 268–274. 
doi:10.1093/molbev/msu300. 
Novis, P. M., Hoham, R. W., Beer, T., and Dawson, M. (2008). Two snow species of the 
quadriflagellate green alga Chlainomonas (Chlorophyta, Volvocales): 
Ultrastructure and phylogenetic position within the Chloromonas clade. Journal of 
Phycology 44, 1001–1012. doi:10.1111/j.1529-8817.2008.00545.x. 
Nozaki, H., Onishi, K., and Morita, E. (2002). Differences in Pyrenoid Morphology Are 
Correlated with Differences in the rbcL Genes of Members of the Chloromonas 
Lineage (Volvocales, Chlorophyceae). Journal of Molecular Evolution 55, 414–
430. doi:10.1007/s00239-002-2338-9. 
Prochazkova, L., Remias, D., Rezanka, T., and Nedbalova, L. (2018). Chloromonas 
nivalis subsp. Tatrae, subsp. Nov. (Chlamydomonadales, Chlorophyta): Re-
examination of a snow alga from the High Tatra Mountains (Slovakia). Fottea 18, 
1–18. doi:10.5507/fot.2017.010. 
Procházková, L., Leya, T., Křížková, H., and Nedbalová, L. (2019). Sanguina nivaloides 
and Sanguina aurantia gen. Et spp. Nov. (Chlorophyta): The taxonomy, 
phylogeny, biogeography and ecology of two newly recognised algae causing red 
and orange snow. FEMS Microbiology Ecology 95. doi:10.1093/femsec/fiz064. 
Procházková, L., Remias, D., Holzinger, A., Řezanka, T., and Nedbalová, L. (2018). 
Ecophysiological and morphological comparison of two populations of 
Chlainomonas sp. (Chlorophyta) causing red snow on ice-covered lakes in the 
High Tatras and Austrian Alps. European Journal of Phycology 53, 230–243. 
doi:10.1080/09670262.2018.1426789. 
Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., and 
Glöckner, F. O. (2013). The SILVA ribosomal RNA gene database project: 
Improved data processing and web-based tools. Nucleic Acids Research 41, 
D590–D596. doi:10.1093/nar/gks1219. 
Remias, D., Pichrtová, M., Pangratz, M., Lütz, C., and Holzinger, A. (2016). 
Ecophysiology, secondary pigments and ultrastructure of Chlainomonas sp. 
(Chlorophyta) from the European Alps compared with Chlamydomonas nivalis 
forming red snow. FEMS Microbiology Ecology 92, fiw030. 
doi:10.1093/femsec/fiw030. 
Remias, D., Procházková, L., Holzinger, A., and Nedbalová, L. (2018). Ecology, cytology 
and phylogeny of the snow alga Scotiella cryophila K-1 (Chlamydomonadales, 




Remias, D., Procházková, L., Nedbalová, L., Andersen, R. A., and Valentin, K. (2019). 
Two new Kremastochrysopsis species, K. Austriaca sp. Nov. And K. Americana 
sp. Nov. (Chrysophyceae). Journal of Phycology, jpy.12937. 
doi:10.1111/jpy.12937. 
Remias, D., Wastian, H., Lütz, C., and Leya, T. (2013). Insights into the biology and 
phylogeny of Chloromonas polyptera (Chlorophyta), an alga causing orange 
snow in Maritime Antarctica. Antarctic Science 25, 648–656. 
doi:10.1017/S0954102013000060. 
Segawa, T., Matsuzaki, R., Takeuchi, N., Akiyoshi, A., Navarro, F., Sugiyama, S., 
Yonezawa, T., and Mori, H. (2018). Bipolar dispersal of red-snow algae. Nature 
Communications 9, 3094. doi:10.1038/s41467-018-05521-w. 
Shah, M. M. R., Liang, Y., Cheng, J. J., and Daroch, M. (2016). Astaxanthin-Producing 
Green Microalga Haematococcus pluvialis: From Single Cell to High Value 
Commercial Products. Frontiers in Plant Science 7. doi:10.3389/fpls.2016.00531. 
Soto, D. F., Fuentes, R., Huovinen, P., and Gómez, I. (2020). Microbial composition and 
photosynthesis in Antarctic snow algae communities: Integrating metabarcoding 
and pulse amplitude modulation fluorometry. Algal Research 45, 101738. 
doi:10.1016/j.algal.2019.101738. 
Stibal, M., and Elster, J. (2005). Growth and morphology variation as a response to 
changing environmental factors in two Arctic species of Raphidonema 
(Trebouxiophyceae) from snow and soil. Polar Biology 28, 558–567. 
doi:10.1007/s00300-004-0709-y. 
Terashima, M., Umezawa, K., Mori, S., Kojima, H., and Fukui, M. (2017). Microbial 
Community Analysis of Colored Snow from an Alpine Snowfield in Northern 
Japan Reveals the Prevalence of Betaproteobacteria with Snow Algae. Frontiers 
in Microbiology 8. doi:10.3389/fmicb.2017.01481. 
Tesson, S. V. M., Skjøth, C. A., Šantl-Temkiv, T., and Löndahl, J. (2016). Airborne 
Microalgae: Insights, Opportunities, and Challenges. Applied and Environmental 
Microbiology 82, 1978–1991. doi:10.1128/AEM.03333-15. 
Vimercati, L., Solon, A. J., Krinsky, A., Arán, P., Porazinska, D. L., Darcy, J. L., Dorador, 
C., and Schmidt, S. K. (2019). Nieves penitentes are a new habitat for snow 
algae in one of the most extreme high-elevation environments on Earth. Arctic, 
Antarctic, and Alpine Research 51, 190–200. 
doi:10.1080/15230430.2019.1618115. 
Wang, Y., Tian, R. M., Gao, Z. M., Bougouffa, S., and Qian, P.-Y. (2014). Optimal 
Eukaryotic 18S and Universal 16S/18S Ribosomal RNA Primers and Their 




Wattenberg, M., Viégas, F., and Johnson, I. (2016). How to Use t-SNE Effectively. Distill 
1, e2. doi:10.23915/distill.00002. 
Wolf, M., Chen, S., Song, J., Ankenbrand, M., and Müller, T. (2013). Compensatory 
Base Changes in ITS2 Secondary Structures Correlate with the Biological 
Species Concept Despite Intragenomic Variability in ITS2 Sequences – A Proof 
of Concept. PLOS ONE 8, e66726. doi:10.1371/journal.pone.0066726. 
Yoshimura, Y., Kohshima, S., and Ohtani, S. (1997). A Community of Snow Algae on a 
Himalayan Glacier: Change of Algal Biomass and Community Structure with 





Figure 2.1  Map showing snow algae sample locations relative to city of 
Vancouver (black diamond).  
Letters indicate mountain names: X = Saxifrage, W = Wedge, B = Brew, P = 
Panorama Ridge, T = Tricouni, K = Sky Pilot, G = Garibaldi, M = St. Marks 
summit, H = Hollyburn, F = Fromme, S = Seymour, N = Nesakwatch, L = Liberty 




Figure 2.2   Number of DNA base pair differences between algal rbcL sequences 






Figure 2.3  A comparison of the number of DNA base pair differences between 
two sets of 18S rDNA primers used for metabarcoding studies based 
on algae sequences from NCBI.  
(A) Number of base pair differences between the regions targeted by the primers 
Euk1181F-1624R used in this study. (B) Number of base pair differences 
between the regions targeted by the primers 528F-706R used by Lutz et al., 






Figure 2.4  Representative photographs of snow algae in the Coast Mountains of British Columbia.  
(A) Bronze colored snow algae blooms below conifer canopy. (B) Snow runnels containing snow algae (site of samples S2.2 and 
S9.2). (C) Red snow bloom above treeline at sample site G1.1 (see Supplementary Table S2 for coordinates). (D) 
Photomicrograph of bronze snow containing Chloromonas cf. brevispina and Chloromonas cf. nivalis. (E) Photomicrograph of 
orange snow from the surface of a runnel containing Chloromonas krienitzii and Chloromonas cf. nivalis. (F) Photomicrograph of 
red snow containing Sanguina nivaloides and Chlainomonas rubra cell morphologies. All scale bars 30 𝜇m, all photographs taken 






Figure 2.5  Relative abundance profiles of algae cell morphologies using cell count data. Samples are arranged on the x-axis from lowest to highest elevation. 






















































































































































































































































































































































































































































Figure 2.6  Ordinations of rbcL ASVs. 
(A) Multidimensional scaling (MDS) plot showing genetic distances between rbcL 
ASVs. Taxonomy assignments indicated by color, and point size is proportional 
to total relative abundance. Dotted ellipses indicate OTU clusters. Stress=0.13. 
(B) t-Distributed Stochastic Neighbor Embedding (t-SNE) dimensionality 
reduction of snow algae rbcL ASVs, with perplexity=30. Dotted lines indicate 




Figure 2.7  Non-metric multidimensional scaling (NMDS) showing rbcL UniFrac 
distances between samples.  





Figure 2.8  Faith’s phylogenetic diversity (upper) and Shannon diversity (lower) 
of snow algae rbcL samples, plotted by date of sample collection.  
Samples colored by elevation and labelled by sample ID. Faith’s Pearson’s 





Figure 2.9  Stacked barplots showing snow algae relative abundance.  
As measured by: (top) rbcL OTUs, (middle) 18S taxonomic assignment with 
custom snow algae database, and (bottom) cell morphology. Samples are 
arranged from low to high elevation left to right. Green triangles (bottom) indicate 
samples collected from sites below conifer canopy, and blue squares indicate 





Figure 2.10  Temporal and depth comparison of a snow algae runnel.  
(A) rbcL relative abundance of OTUs from May 22 green subsurface snow 
(S2.2), and samples from July 4 (S9.1, S9.2) with orange snow at surface and 
green snow below. (B) Representative light photomicrographs of cells from S9.2 







Table 2.1  Site data for samples included in metabarcoding analysis.  











Chapter 3.  
 
A molecular analysis of microalgae from around the 
globe to revise Raphidonema (Trebouxiophyceae, 
Chlorophyta) 
Kurt M. Yakimovich1, Nick P.G. Gauthier1, Casey B. Engstrom1, Thomas Leya2, Lynne M. 
Quarmby1 
1Department of Molecular Biology and Biochemistry, South Sciences Building room 
8166, 8888 University Drive Burnaby, B.C., V5A 1S6, Canada 
2Fraunhofer Institute for Cell Therapy and Immunology, Branch Bioanalytics and 
Bioprocesses IZI-BB, Extremophile Research & Biobank CCCryo, Am Muehlenberg 13, 
14476 Potsdam-Golm, Germany 
 
This chapter has been adapted from the following peer-reviewed publication: 
Yakimovich, K. M., Gauthier, N. P. G., Engstrom, C. B., Leya, T., and Quarmby, L. M. 
(2021). A molecular analysis of microalgae from around the globe to revise 





As first author along, with input from LQ and TL, I conceptualized the analysis for 
the project. CE and NG assisted with lab work and maintaining algal cultures. NG also 
assisted with the writing of the introduction of the manuscript and collection of DNA 
sequence data. TL provided insights into the taxonomic history of Raphidonema, and 





We isolated five microalgal strains from alpine snow near Vancouver Canada, 
which display morphological features suggestive of the genera Koliella and 
Raphidonema. Due to variations in cell size and shape we could not make a clear 
delimitation based on morphology. We proceeded to a molecular analysis and included 
22 strains from the CCCryo culture collection, previously identified as members of four 
closely related genera: Raphidonema, Koliella, Stichococcus, and Pseudochlorella. For 
greater taxonomic context in our phylogenetic analysis, we also obtained authentic 
strains for the type species of Koliella, and Pseudochlorella, but were unable to find one 
for Raphidonema. To examine generic boundaries, we did a phylogenetic analysis on 
the rbcL gene for all strains, establishing distinct lineages. Our novel isolates fell within 
Raphidonema, and so we analyzed the ITS2 gene of all Raphidonema strains to delimit 
species boundaries. To support species delimitations, we did a Compensatory Base 
Change analysis using the ITS2 rDNA region using the folded secondary structure to 
assist in aligning the sequence. We also computed a maximum likelihood phylogenetic 
tree to examine species clades of Raphidonema. We assigned epitypes for two 
Raphidonema species based on the best morphological match to strains in the ITS2 
clades. We then amended their diagnoses so they can be more reliably identified using 
DNA sequence data. We also propose two new species, R. catena and R. monicae that 
formed their own species clades according to our ITS2 analysis.  
3.2. Introduction 
Alpine and glacier ecosystems are biologically diverse and ecologically 
important. Cold-adapted snow algae are a diverse group that form the foundation for 
diverse microscopic ecosystems atop the snow (Engstrom et al. 2020, Yakimovich et al., 
2020, Hamilton and Havig 2020, Hoham and Remias 2020). Blooms of snow algae 
accelerate snow and ice melt through decreasing surface albedo, accelerating glacial 
retreat (Lutz et al. 2014, 2016). Beyond the ecological significance of this fresh water, it 
is important because more than a sixth of the world’s population relies on the meltwater 
from glacier and alpine regions for drinking water, as well as for hydroelectric power and 
agriculture (Barnett et al. 2005). The characterization of biological diversity and function 
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in snow algae blooms are still matters of ongoing research. In particular, there remains 
much uncertainty regarding the identification and taxonomy of algae species found on 
snow. 
The class Trebouxiophyceae is found in a variety of habitats, including both 
cryophilic and mesophilic environments. Taxa in this class are motile and non-motile, 
displaying a wide range of morphological forms including colonies, multicellular 
filaments, blades, and both coccoid and elliptic unicells (Leliaert et al. 2012). 
Additionally, Trebouxiophycean genera display variation in ecology, with species 
documented in both terrestrial and aquatic environments (Lemieux et al. 2014), as well 
as lichenized algae (Muggia et al. 2018), and species that have lost their photosynthetic 
ability (Ueno et al. 2003). In previous work, we found Trebouxiophyceae in 
metabarcoding sequencing libraries of snow algae blooms using both the 18S rDNA and 
rbcL marker genes (Engstrom et al. 2020, Yakimovich et al. 2020). Microscopy and 
relative abundance of metabarcode reads suggest that green and red snow algae 
blooms are dominated by Chlorophyceae, but Trebouxiophyceae was widespread in low 
relative abundance (Engstrom et al. 2020). Trebouxiophyceae, notably Raphidonema 
sempervirens, have also been documented across the Arctic (Leya 2004, 2020, Leya et 
al. 2004, Lutz et al. 2015, 2016) and in Antarctica (Davey et al. 2019, Leya 2020).  
Similarly, in a study of late season white snow packs collected across Fennoscandia and 
Colorado, Brown and Jumpponen (2019) found that there was a greater diversity of 
Trebouxiophyceae OTUs over Chlorophyceae, but they were far less abundant. 
Trebouxiophycean algae can be found widely distributed in all snow habitats, but their 
ecological role, if any, in the snow ecosystems remains unknown.  
Here, we taxonomically identify algal isolates from the snowy alpine slopes of the 
Coast Mountains in Canada, and in doing so, we provide a revision of the genus 
Raphidonema. In 2017 we isolated five algal strains from green snow that fit some 
published morphological descriptions of the genera Koliella and Raphidonema, within 
Trebouxiophyceae. However, we were unable to confidently identify them to the genus 
or species level. Like many historical descriptions of novel species and genera, 
Raphidonema (Lagerheim, 1892), and Koliella (Hindák, 1963) were described based on 
their morphological and physiological characters. Lagerheim (1892) first described 
Raphidonema by isolating R. nivale from snow fields on Mount Pichincha, Ecuador. The 
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sample served as the type species for Raphidonema and was characterized as having 
unbranched, septate filaments with ends tapering to a hair-like tip (Lagerheim 1892, p. 
523-524, figures 15-21). The presence of the hair like tips at the ends of filaments was 
noted to be a differentiating characteristic between Raphidonema and other closely 
related genera (Lagerheim 1892). Unfortunately, to our knowledge, no type material is 
available for genetic analyses. Since its original description by Lagerheim, novel species 
and sightings of this genus have been described throughout the world (Skuja 1969, 
Hoham 1973, Novis 2002, Novis et al. 2008). In 1963, Hindák created the 
morphologically similar genus Koliella and transferred several species to it from 
Raphidonema. Koliella contains species of both freshwater and snow-borne algae, and 
is characterized by short two-celled filaments that fragment into spindle-shaped unicells 
(Hindák 1963). However, since Koliella was proposed, its distinctness has been 
questioned due to the unreliability of morphological diagnoses, sometimes leading to 
Koliella species being confused with Raphidonema (Skuja 1969, Hoham 1973, Katana et 
al. 2001, Stibal and Elster 2005, Novis et al. 2008). Specific documentation of the 
pleiomorphisms in the few available distinguishing morphological characters of 
Raphidonema and Koliella have furthered the case that they are not reliable for species 
diagnosis in these genera (Vischer 1941, Hoham 1973, Stibal and Elster 2005). For 
example, upon transfer from solid to liquid media R. nivale loses its filaments and 
dissociates into unicells (Hoham 1973). Cells sometimes lacked a hairlike end, 
resembling several Koliella species, as well as Stichococcus bacillaris. The confusing 
resemblance of some cultures of R. sempervirens with S. bacillaris was already noted by 
Chodat (1913) as well as by Hindák (1963) when he transferred R. sempervirens to 
Koliella as K. sempervirens. Stibal and Elster (2005) documented that light and 
temperature trigger changes in cell size and shape in an isolate from snow that they 
called R. nivale, and in another from arctic soil that they called R. sempervirens. 
Delimiting Raphidonema and Koliella species is further confused by deposition of DNA 
sequences attributed to non-authentic algal strains into public databases. Searches of 
the NCBI nucleotide database for R. nivale provide sequence data from a wide variety of 
strains with none of them authenticated with links to a phylogenetic or taxonomic study. 
There is no reference strain or sequence data for R. nivale: Century-old drawings serve 
as lectotype material. Having clear taxonomy to distinguish species within the Koliella-
Raphidonema complex is needed for accurate comparisons between studies, and for 
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accurate comparative physiological studies on their role in ecological and climate-related 
processes on glacier and snow habitats. 
To achieve the goal of identifying our algal isolates—and in the process clarify 
the taxonomy of this group—we expanded our analysis to include 22 strains identified 
morphologically as being from Raphidonema or Koliella from the CCCryo algae 
collection (Leya 2020). To taxonomically contextualize our analysis, we also obtained 
authentic type strains for Pseudochlorella (P. pyrenoidosa CCAP 264/3) and Koliella (K. 
spiculiformis CCAP 470/2A); however were unable to locate any living or preserved 
authentic specimens of R. nivale. We first generated a phylogeny based on the 
sequence of a ~1300 bp amplicon from the chloroplast gene, rbcL from all our strains, to 
establish generic boundaries. All of the strains assigned to Raphidonema we further 
analyzed using the sequence and secondary structure of their ITS2. We extracted the 
ITS2 regions, predicted their secondary folding and did a compensatory base change 
(CBC) analysis. A CBC analysis reveals mutations in the secondary folding structure of 
ITS2 between strains, and previous work has shown that these mutations correlate with 
sexual incompatibility (Müller et al. 2007, Wolf et al. 2013). CBC has been widely used 
as a robust proxy for species separation in algae (Coleman 2009, Wolf et al. 2013). A 
meta-analysis found that just one CBC in any helix can distinguish algal species 93% of 
the time (Müller et al. 2007). Our analysis showed that the greatest variation between 
Raphidonema strains occurred in Helix I. Because the taxonomic typification of 
Raphidonema (Lagerheim, 1892) has priority over descriptions published thereafter, we 
began our analysis with establishing an epitype for R. nivale to allow for its inclusion in 
our molecular analysis. We also constructed a phylogeny based on the ITS2 sequence 
and secondary structure alignments and visualized it as an un-rooted tree to establish 
species clades.  
Our analyses revealed that strains named according to morphological 
descriptions of Raphidonema or Koliella do not form monophyletic clades. Further, the 
type strain for Koliella formed a sister clade to Chlorella spp., whereas a vast majority of 
Raphidonema strains formed a clade that did not share a recent common ancestor with 
that of Koliella. We used phylogenetic information to amend the generic diagnosis of 
Raphidonema and its differentiation from Koliella and other sister clades. Along with 
establishing an epitype for R. nivale, we also amended the diagnoses for two other 
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Raphidonema species and propose two new species. With this newly established 
taxonomic scheme we were successfully able to diagnose our five isolates as R. nivale.  
3.3. Materials & Methods 
Sample Collection & Culturing 
Thirty-four algal strains were obtained from culture collections and five were 
isolated from mountains near Vancouver, Canada (Table 3.1). Two samples were 
collected on July 16, 2016 from red snowfields near Slalok Mountain, Squamish-Lillooet, 
B.C., Canada, 50.327°, -122.474°, elevation 1942 m. The other three were collected on 
July 21, 2016 from red snow patches on Goat Ridge, North Vancouver, B.C., 49.404°, -
123.070°, elevation 1300 m. Samples from Goat Ridge are hereafter prefixed with GR1, 
and Slalok Mountain samples with SR1. All other strains were obtained from one of four 
culture collections: Culture Collection of Cryophilic Algae (CCCryo; twenty-five strains), 
the Culture Collection of Autotrophic Organisms (CCALA; two strains), the Culture 
Collection of Algae and Protozoa (CCAP; three strains), and the Culture Collection of 
Algae at Goettingen University (SAG; four strains). 
 All strains were inoculated onto 3N-Bold’s Basal Medium (BBM) 1.5 % agar 
plates and slants, as well as in sterile 15 mL centrifuge tubes containing approximately 
10 mL 3N-BBM for growth (cccryo.fraunhofer.de/sources/files/medien/BBM.pdf) (Nichols 
and Bold 1965) with the exception of SAG 2030, which was grown on Seawater Medium 
(SWES) (sagdb.unigoettingen.de/culture_media/05%20Seawater%20Medium.pdf). The 
SWES was modified by omitting the soil extract. Information regarding growth 
temperatures, strain IDs, as well as dates and locations of isolation for each of the 
strains can be found in Table 3.1.  
3.3.1. SEM 
Cells from isolate GR1-E and SR1-A were prepared for SEM at the University of 
British Columbia Bioimaging Facility. Cells were fixed in glutaraldehyde (final 
concentration of 2.5%), then 20-40 μLs was deposited on a poly-L-lysine coated 
coverslip. The cells were washed three times with 5 mM sodium cacodylate buffer, then 
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post-fixed in 1% osmium tetroxide and washed three times in ddH2O. The cells were 
then dehydrated in a series of ethanol solutions increasing from 30 to 100% 
concentration and dried in a critical point dryer (Tousimis 815B; Rockville MD, U.S.A.). 
The slides were mounted onto SEM stubs with double-sided conductive tape, and were 
sputter coated to a thickness of 10 nm with gold/palladium (Cressington 208HR; 
Watford, U.K.). The stubs were then imaged by KY at 4D labs, Simon Fraser University, 
on a Nova NanoSEM (FEI company, Hillsboro OR, U.S.A.), in both scanning electron, 
and scanning electron backscatter mode varying between 5 and 15 kV. 
3.3.2. Genomic DNA Extractions 
gDNA was extracted using a modified protocol based on the Plant DNA Isolation 
Kit (Magnetic Bead System; Norgen Biotek Corporation). 800 µL of kit-provided lysis 
buffer, 1 µL RNase A (Thermo Fisher Scientific), and algal biomass were added to a 2 
mL microcentrifuge tube filled with 0.1 mm glass beads (Qiagen). Tubes were 
homogenized for 5 min at 6,000 rpm in a Precellys 24 tissue homogenizer (Bertin 
Instruments) and then incubated for 10 min at 65ºC. The tubes were then centrifuged for 
3 min at 15,000 g and the supernatant was transferred to a new tube along with 100 µL 
of kit-provided binding buffer, and then the extraction was carried forward as per the kit 
instructions. DNA quality control was performed using a Nanodrop One 
Spectrophotometer (Thermo Fisher Scientific), and DNA was quantified using a Qubit 
2.0 Fluorometer (Invitrogen).  
3.3.3. Sequencing 
Two DNA fragments were amplified, one encompassing the ITS1, 5.8S and ITS2 
rDNA regions, and a second of the plastid encoded rbcL gene via PCR for subsequent 
Sanger sequencing. The ITS fragment was amplified using the primer pair 34F (5’-
GTCTCAAAGATTAAGCCATGC-3”; Mikhailyuk et al. 2008) to 26SR_chloro (5’-
TTGGGCTGCATTCCCAAACAAC-3’; designed for this study), and the 26SR_chloro 
primer was used to sequence the ITS1-5.8S-ITS2 region of the fragment following 
amplification. The primer 26SR_chloro was designed to obtain full ITS2 sequences by 
using 26S rDNA sequence data from Chloromonas nivalis subsp. tatrae (GenBank 
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accession number KY499614; Procházková et al. 2018). The rbcL gene was sequenced 
bi-directionally using the kol_rbcl F (5’- ATGGCTCCACAAACTGAAAC-3’) and 
kol_rbcl_R (5’-TTCTTTCCAAACTTCACAAGCAGC-3”) primer pair, which were designed 
for greater specificity to our taxa of interest using the plastid genome of Koliella longiseta 
(GenBank accession number KM462868). Forward and reverse reads of the rbcL gene 
were merged and trimmed using DNA Subway’s online GUI (dnasubway.cyverse.org; 
Goff et al. 2011, Merchant et al. 2016). PCR conditions were similar for both fragments 
using 2X Phire Green Hot Start II PCR Master Mix from Thermo Fisher Scientific (USA), 
initial denaturation at 98ºC for 3 min, then 30 cycles at 98ºC for 5 s, 58ºC for 5 s, and 
72ºC for 15 s for the rbcL fragment and 45 s for the ITS fragment, and with final 
extension for 3 min at 72ºC. All Sanger sequencing was performed on an ABI 3730xl at 
Genewiz (U.S.A). All Sanger sequencing data were uploaded to NCBI, and accession 
numbers are available in Table S1. 
3.3.4. Data analysis 
For phylogenetic analysis of the rbcL DNA sequences, we first aligned using 
MAFFT v7.397 (Katoh et al. 2002), using the flags “-adjustdirectionaccurately” and “-
auto” to check sequence orientation and let MAFFT automatically choose a best 
alignment strategy. Aligned sequences were trimmed using TrimAI v1.4 (Capella-
Gutiérrez et al. 2009) with the flag “-gt 0.8”, which trimmed any nucleotide positions that 
were present in less than 80% of aligned sequences. Phylogenetic analyses were done 
using two methods, maximum likelihood as implemented by RAxML v8.2.1.1 
(Stamatakis 2014), and Bayesian inference as implemented by Mr. Bayes v3.2.6 
(Ronquist et al. 2012). Model selection for RAxML was done using the program 
ModelTest-NG v0.1.6 (https://github.com/ddarriba/modeltest), and for rbcL GTR-I-G4 
was chosen, specified in RAxML as GTRGAMMAIX. We also ran RAxML with 1000 
bootstrap replicates. For the Bayesian analysis we ran two independent runs 
concurrently with each having 4 chains run for 106 generations before checking for 
convergence. For all models the standard deviation of the split frequencies was below 
0.01. When running the Bayesian analysis we set Mr. Bayes to sample across 
substitution models during the Markov chain Monte Carlo run using the methods of 
Huelsenbeck et al. (2004). We also used Mr. Bayes to implement a stepping stone 
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analysis to get more accurate log likelihood scores to compare phylogenetic models as 
described by Xie et al. (2011). To assist in comparing Bayesian phylogenetic models, 
Bayes factors were calculated as described in the Mr. Bayes v3.2 manual. A maximum 
parsimony tree was also created using PAUP v4.0 (Swofford 2002) to contrast the trees 
constructed using likelihood methods. Phylogenetic trees were then imported into R 
v4.0.2 using the package treeio (Wang et al. 2020), and visualized using ggplot 
(Wickham 2016) and ggtree (Yu et al. 2017).  
Analysis of the ITS2 region of the Raphidonema strains was done to examine 
species boundaries. ITS2 sequences, including the 5.8S and LSU stems, from our 
strains were obtained using the annotate tool on the ITS2 database (Wolf et al. 2005a, 
Keller et al. 2009, Ankenbrand et al. 2015; its2.bioapps.biozentrum.uni-wuerzburg.de/). 
We selected GR1-H to use as a template for the rest of the strains, and folded it directly 
in RNAstructure (Reuter and Mathews 2010), and manually edited the folding to obtain 
the general features of the ITS2 secondary structure (Schultz et al. 2005). We also noted 
conserved sequence motifs between the ITS2 secondary structure of GR1-H compared 
to a consensus ITS2 structure published for Pseudochlorella (Darienko et al. 2016), and 
were able to use it to guide our folding. We then used the homology modeling tool on the 
ITS2 database (Wolf et al. 2005b) with GR1-H as a template to obtain the secondary 
structures for the rest of the Raphidonema strains and to align them with the data 
management tools (Ankenbrand et al. 2015). The aligned ITS2 sequence and structure 
data was then imported into 4SALE (Seibel et al. 2006), and a CBC table was 
generated. Consensus structures and CBCs between all Raphidonema strains and 
species clades were visualized in 4SALE (Seibel et al. 2006, 2008). To create a 
phylogenetic model of the ITS2 sequence and secondary structure data we exported 
from 4SALE in the one-letter coded format and imported it into R v4.0.2  (Team and R 
Core Team 2014). The one-letter code export option in 4SALE converts the structure 
dot-bracket annotation and nucleotide base for each position into a single letter code 
(Seibel et al. 2006, 2008). We then constructed a maximum likelihood tree with 1000 
bootstrap replicates and a GTR+I+G substitution model, using the package phangorn 
(Schliep 2011; R code can be found at http://4sale.bioapps.biozentrum.uni-
wuerzburg.de). Trees for both rbcL and ITS2 were also was created in PAUP using 
maximum parsimony (Schultz et al. 2005). All phylogenetic trees imported into R using 
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the package treeio (Wang et al. 2020), and visualized using ggplot (Wickham 2016) and 
ggtree (Yu et al. 2017). 
3.4. Results 
We tested two phylogenetic hypotheses by constraining rbcL tree topology using 
Bayesian inference as implemented by Mr. Bayes and compared them to an 
unconstrained tree (null model; Table 3.2). We concluded that the optimal rbcL 
phylogenetic model does not support a united clade of all the Koliella and Raphidonema 
strains (Table 3.2). Since Raphidonema contained the most strains on the rbcL tree, we 
constrained its largest clade (later proposed to be R. sempervirens) in a Bayesian 
phylogenetic model by geographic region, but found it was less likely than the 
unconstrained tree (Table 3.2). We then drew the unconstrained rbcL gene tree. Since 
the gene aligned well across all strains in our analysis, we used it to assess generic 
boundaries (Fig. 3.1). Our five novel isolates fell within Raphidonema and were closely 
related to many other strains from the CCCryo collection. The type strain for Koliella, K. 
spiculiformis CCAP 470/2A, forms a clade with other Koliella strains sister to the strains 
identified as Raphidonema, Pseudochlorella, Stichcoccus and Prasiola (Fig. 3.1).  While 
morphologically similar, the rbcL gene phylogeny clearly distinguishes Koliella from 
Raphidonema (Fig. 3.1). We also computed a rbcL phylogeny using maximum likelihood 
methods as implemented by RAxML (Fig. 3.2) and maximum parsimony using PAUP 
(Fig. 3.3) to compare with our Bayesian tree. The same strains grouped into the same 
genera on all three trees with generally high support values. The rbcL phylogeny 
revealed that the Raphidonema strains formed a polyphyletic clade with 
Pseudochlorella. However, we refrained from revising the generic boundaries between 
Pseudochlorella and Raphidonema as our taxa sampling for Pseudochlorella is low.  
To assess species clades we analyzed ITS2 sequence and secondary structure, 
focussing solely on Raphidonema strains, as identified by the rbcL tree (Fig. 3.1). To 
ensure a good alignment of the ITS2 region we used homology modelling with GR1-H as 
a template to obtain secondary structures for all Raphidonema strains. Examining a 
strict-consensus structure, we found that the ITS2 secondary structure was largely 
conserved across all Raphidonema strains, with the exception of Helix I (Fig. 3.4). A 
maximum likelihood phylogenetic tree incorporating ITS2 sequence and structure 
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information revealed a total of five Raphidonema species clades (Fig. 3.5), with the 
same species clades being present when the tree was drawn with maximum parsimony 
methods (Fig. 3.6). The tree also revealed that not all strains isolated from snow form a 
single species clade (Fig. 3.5) and not all strains in each species clade are from the 
same country or even continent (Fig. 3.7). To further support species delimitations by 
ITS2 clade, we used CBCs to propose epitype strains, allowing for amendment of 
Raphidonema species diagnosis (Table 3.3 and detailed in the following sections).   
The largest clade on the ITS2 species tree (Fig. 3.5) contained many strains with 
morphologies similar to the original description of R. sempervirens (Chodat 1913, pp. 
167-168, figs. 142 and 143; Fig. 3.8). Therefore, we propose the strains within this clade 
to be identified as R. sempervirens. Our five new isolates are within the R. sempervirens 
clade and displayed similar general morphology to other strains of the species (Fig. 3.8 
and 3.9). Our GR1 strains were elongated with rounded ends (5-27 microns long), 
whereas the SR1 strains grew short before dividing (3-17 μm’s long ;Fig. 3.9), but 
sometimes formed short chains of 2-4 cells. The ITS2 region was highly similar among 
all R. sempervirens strains, with a single subclade of four strains isolated from the 
surface of a glacier in northwestern Spitsbergen (CCCryo strains 062-99, 069-99, 107-
99, 037-99). These four strains from Spitsbergen had morphologies (Fig 3.10) similar to 
R. nivale as described by Lagerheim (1892) and Hoham (1973), yet they had no CBCs 
with the other R. sempervirens strains with a largely conserved ITS2 sequence and 
structure (Fig. 3.11), so they were not diagnosed as a separate species. We propose 
assigning CCCryo 011a-99 as an epitype strain to support the holotype for R. 
sempervirens, allowing for clear delimitation from the other proposed species based on 
our ITS2 analysis (Table 3.3 and Fig 3.12.).  
The only exception was with a strain that was assigned to R. nivale, CCAP 
470/4, which had zero CBCs with both the R. nivale and R. sempervirens strains. CCAP 
470/4 also originally was identified as R. nivale by R.W. Hoham when isolated in 1968 
and deposited (UTEX B SNO3; CCAP 470/4) and our ITS2 phylogenetic analysis also 
suggests it shares a more recent common ancestor with the rest of the R. nivale than 
with R. sempervirens (Fig. 3.5).  
We defined the R. nivale clade by selecting the strain CCCryo 262-06 as the 
epitype for this species as it has morphological characters consistent with the type 
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description (Lagerheim 1892, p. 523-524 and figures 15-21), as well as it displays the 
morphological variations previously documented by Hoham (1973 ; Fig 3.13) and has at 
least 1 CBC with all other proposed species (Table 3.3). Most R. nivale strains shared 
the same CBCs as the proposed epitype with other species, with the exceptions of three 
strains: CCCryo 381-11, CCCryo 274-06, and CCCryo 375-11. These three strains 
shared 0 CBCs with the rest of the R. nivale clade, as well as the strains within the R. 
monicae and R. pyrenoidifera clades. We diagnosed these above-mentioned three 
strains as R. nivale, as their ITS2 secondary structure and sequence (particularly Helix I) 
is much more similar to that of the rest of the strains in the R. nivale clade than to those 
in the R. monicae or R. pyrenoidifera clades (Fig. 3.5 & 3.14). The lack of CBCs found 
between these CCCryo 381-11, CCCryo 274-06, CCCryo 375-11and R. monicae and R. 
pyrenoidifera could be due to the poor alignments of Helix I, as there are few conserved 
positions.  
A relative of the type strain for Koliella antarctica nom. inval. (SAG 2030) formed 
a monophyletic clade with two other strains named K. sempervirens (CCALA 363 and 
790; Fig. 3.5). The three strains have similar general morphology (Fig. 3.15), often 
having short cells that can end in a pointed or rounded end, and sometimes form short 
chains of two cells (Fig. 3.15). All three strains have zero CBCs with each other, but all 
had at least one CBC with all other Raphidonema clades (Table 3.3, Fig. 3.12), with the 
exception of R. pyrenoidifera. Consensus ITS2 structures showed much better 
conservation of Helix I when R. pyrnoidifera CCAP 470/5 was excluded from the R. 
monicae clade (Fig. 3.16); therefore, we diagnosed these as being separate species. As 
we were not able to obtain an authentic strain of R. pyrenoidifera for this study, we have 
refrained from amending its diagnosis and assigning an epitype; therefore, strain CCAP 
470/5 is not an authentic strain for comparison. Because strain SAG 2030 is a relative 
strain of the original type for K. antarctica, we explored the validity of its name to be 
applied to its respective species clade (Fig. 3.5 & 3.12). However, in the original species 
description Andreoli et al. did not specify that the live cultures were preserved in a 
metabolically inactive state, as required by the ICN (1998). Both of the live cultures they 
deposited, one at the Rijksherbarium and the other in the lab of Prof. C. Andreoli at the 
University of Padua, Italy, also could not be found. Nor was it designated between the 
two cultures which was the holotype and no strain identifiers were given. Prof. C. 
Andreoli is now retired and could not be contacted, and Rijksherbarium confirmed they 
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have no records of any type material for K. antarctica; therefore, we consider this name 
to be invalid. Here, we propose a new name for the species clade containing strains 
SAG 2030, CCALA 360 and 790: Raphidonema monicae (Fig. 3.5). 
Strains CCCryo 017-99 and 019-99 formed a clade on the ITS2 tree, derived 
from a recent common ancestor with the R. nivale and R. sempervirens clades (Fig. 3.5). 
The strains had no CBCs with each other and at least 1 CBC with the other proposed 
species clades (Table 3.3, Fig.3.12). Like the R. nivale strains, CCCryo 017-99 and 019-
99 generally form elongated filamentous cells, but they can also form longer chains that 
are visible macroscopically as hairwave-like growth on agar (Fig. 3.17). However, this 
characteristic seems to be a result of the long filaments only and should not be regarded 
as species specific as Hindák (1963) describes such growth on agar plates as well for 
long filaments of e.g. Koliella longiseta (p. 105 and plate 7, fig. 1). Spiny 
akinetes/hypnoblasts were observed in cultures of CCCryo 017-99 and 019-99, but not 
overserved in any of the other Raphidonema species. In CCCryo 017-99 structures that 
could be holdfasts were observed, which are not commonly documented in 
Raphidonema species (Fig. 3.17). Holdfasts have been observed by Hoham (1973) for 
R. nivale when cultured in PFW medium and were also documented for 
Raphidonemopsis sessilis by Chappell and Floyd (1981) but that species is described as 
being only weakly filamentous, unlike CCCryo 017-99 and 019-99.  Owing to their 
unique ITS2 lineage, morphological characters, and CBCs with other species clades we 
propose assigning them to a new species, R. catena, with CCCryo 017-99 as the 
holotype. 
On our rbcL tree strain CCAP 470/4 formed a clade with CCAP 470/2A (Fig. 3.1). 
Interestingly, CCAP 470/4, isolated in 1968 by Ronald Hoham, was previously 
designated as R. nivale, but according to our genetic analyses, this strain does not share 
a most recent common ancestor with other strains assigned to Raphidonema (Figs. 3.1). 
A previous entry of ITS sequence data for CCAP 470/4 exists under the NCBI accession 
#AJ431676 (submitted in 2002). However, that sequence data did not match the data we 
generated when we obtained the strain from the culture collection, instead of placing the 
strain in the Raphidonema clade our analysis placed it in the Koliella clade (Fig. 3.1; no 
rbcL data was publicly available from the former analysis from 2002). The ITS2 data we 
generated for CCAP 470/4 could not be homology modelled with the rest of the 
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Raphidonema strains, and therefore was not included in our ITS2 analysis. But the 
sequence data from NCBI from 2002 could be successfully included, and suggests the 
strain belongs to the R. nivale clade. The strain we received from CCAP is likely not the 
same one used to generate the data on NCBI from 2002. While we have included the 
data in our ITS2 analysis, it should be noted that its exact placement is uncertain.  
 
Raphidonema nivale Lagerheim 1892, p. 523-524 and pl XXVIII, figures 15-21 
Epitype: To assist in the delimitation of the rest of the genus, we have assigned CCCryo 
262-06 as the epitype to support the drawing by Lagerheim, which has priority as the 
holotype (Lagerheim 1892, p. 523-524 and plate XXVIII, figures 15-21). The epitype 
specimen will be maintained frozen at -150°C (in triplicate) in the CCCryo biobank at 
the Fraunhofer Institute for Immunology & Cell Therapy, Branch Bioanalytics 
and Bioprocesses IZI-BB, Am Muehlenberg 13, 14476 Postdam, Germany, nos. 2-07-
03-01, 2-07-03-02, 2-07-03-03 as metabolically inactive specimens. 
Diagnosis amendments: We amend the diagnosis of R. nivale to include its ITS2 
phylogenetic and CBC information. R. nivale forms a species clade distinct from other 
Raphidonema species in a phylogenetic analysis incorporating ITS2 sequence and 
secondary structure (Fig. 3). The epitype strain for R. nivale also has 1 CBC with all the 
type strains for all other Raphidonema species (Table 2, Fig. 4).   
 
Raphidonema sempervirens  Chodat 1913, pp. 165-168 and figs. 142 and 143 
Synonym:  Koliella sempervirens (Chodat) Hindák 1963, pp. 108-110 and pl 3, figs. 1-3  
Taxonomy notes: Here we propose transferring K. sempervirens back to Raphidonema, 
undoing the novel combination by Hindák in 1963.  
Epitype: We assign CCCryo 011a-09 as the epitype to support the original lectotype 
material in Chodat (1913) for phylogenetic analysis. The epitype specimen will 
be maintained frozen at -150°C (in triplicate) in the CCCryo biobank at 
the Fraunhofer Institute for Immunology & Cell Therapy, Branch Bioanalytics 
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and Bioprocesses IZI-BB, Am Muehlenberg 13, 14476 Postdam, Germany, nos. 2-07-
03-07, 2-07-03-08, 2-07-03-09 as metabolically inactive specimens. 
Diagnosis amendments: We amend the diagnosis of R. sempervirens to include its ITS2 
phylogenetic and CBC information. R. sempervirens forms a species clade distinct from 
other Raphidonema species in a phylogenetic analysis incorporating ITS2 sequence and 
secondary structure (Fig. 3). The epitype strain for R. sempervirens also has at least 1 
CBC with all the type strains for all other Raphidonema species (Table 2, Fig. 4).   
 
Raphidonema monicae Yakimovich sp. nov. Fig. 3.15 
Taxonomy notes: SAG 2030 is a relative strain to the original holotype material for the 
species Koliella antarctica Andreoli et al. (1998), pp. 1-8 according to SAG’s records. 
However, neither the original type material for Koliella antarctica nor SAG 2030 were 
properly preserved to act as type specimens, and there is no record of type material 
being stored anywhere. Therefore, we consider Koliella antarctica an invalid name under 
the ICN. Here we propose a new name for strain SAG 2030 and its respective species 
clade. 
Holotype: The holotype specimen will be maintained frozen at -150°C (in triplicate) in the 
CCCryo biobank at the Fraunhofer Institute for Immunology & Cell Therapy, Branch 
Bioanalytics and Bioprocesses IZI-BB, Am Muehlenberg 13, 14476 Potsdam, Germany, 
nos. 2-07-03-19, 2-07-03-20, 2-07-03-21 as metabolically inactive specimen. 
Diagnosis: Raphidonema monicae differentiates itself from other Raphidonema species 
due to its unique ITS2 phylogeny and ITS2 structure (Fig. 3 & 4). Based on morphology 
it is difficult to differentiate R. monicae from other Raphidonema species due to its 
elongated pill like cell shape, that sometimes has rounded or pointed ends (Fig. 5), 
resembling previous descriptions of strains within the R. sempervirens (SFig. 7) and R. 
nivale (SFig. 9) species clades. 
Etymology: The specific epithet was created to honour the mother of the lead author, 
Monica Yakimovich, and by extension to honour mothers everywhere. Monica derives 




Raphidonema catena Leya & Yakimovich sp. nov. Fig. 3.17 
Diagnosis: R. catena distinguishes itself from other Raphidonema lineages by having 
ITS2 phylogenetic lineage (Fig. 3) and having at least 1 CBC with all other Raphidonema 
species clades (Table 2, Fig. 4). R. catena cells can form long chains that form 
hairwave-like structures on agar, akinetes/hypnospores and holdfasts, which further 
differentiates it from other Raphidonema species (Fig. 7).  
Holotype: We designate CCCryo 017-99 as a holotype for R. catena. The 
holotype specimen will be maintained frozen at -150°C (in triplicate) in the CCCryo 
biobank at the Fraunhofer Institute for Immunology & Cell Therapy, Branch Bioanalytics 
and Bioprocesses IZI-BB, Am Muehlenberg 13, 14476 Postdam, Germany, nos. 2-07-
03-10, 2-07-03-11, 2-07-03-12 as metabolically inactive specimens. 
Etymology:  
We propose the nominative Latin noun for chain, catena, as the specific epithet.  
3.5. Discussion  
Previously, it has been difficult to differentiate Raphidonema species from other 
closely related Trebouxiophycean genera, particularly Koliella, owing to overlapping 
variation in morphological characteristics (Hoham 1973). In fact, while examining our 
cultures of the various Raphidonema strains we observed many of the morphological 
variants found by Hoham (1973; Figs. 3.15, 3.17, 3.8, 3.9, 3.10 & 3.13), sometimes in 
the same culture, with a wide variety of cell shapes, sizes and some with fine hair tipped 
ends and others that are rounded. Our revisions clearly differentiate these genera based 
on their rbcL sequences. One exception is algal strain SAG 470-1 that shared a most 
recent common ancestor with P. pyrenoidosa CCAP 264/3 (Fig. 3.1), instead of with 
other Raphidonema strains. However, SAG 470-1 had the most similar ITS2 to R. nivale, 
with 0 CBCs, and similar morphology (Fig. 3.13) so we opted to diagnose it as R. nivale. 
To better elucidate their relationship, future studies would need to examine a wider array 
of nuclear and organellar markers. 
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We then assigned epitypes for two species clades, R. nivale and R. 
sempervirens, to provide reference data for molecular analyses based on phylogenetic 
lineages (Figs. 3.1 & 3.5), ITS2 CBCs (Table 3.3, Figs. 3.12 & 3.18-3.23), and overall 
unique ITS2 sequences and structures (Figs. 3.12 & 3.18-3.23). Ideally epitypes would 
be assigned using strains from the same type locality, such as Ecuador for R. nivale—its 
genus’s type species, but none were readily available. Alternatively, novel taxonomic 
names could be proposed, but due to the rules of priority the old names are still valid for 
any algal strains fitting their morphological descriptions. To avoid further taxonomic 
confusion, we propose amendments to the original diagnoses to include phylogenetic 
information by using our assigned epitypes. Our analysis also showed that the strains 
representing R. nivale are cosmopolitan and not regional (Fig. 3.7); therefore using a 
strain from the Arctic as an epitype in lieu of one from Ecuador is suitable.  
We also propose two new Raphidonema species. R. catena presented 
morphological features not commonly seen in other Raphidonema spp, notably the 
formation of hypnoblasts and holdfasts. Such hypnoblasts or akinetes observed in 
cultures of CCCryo 019-99 were similar to those described by Vinatzer (1975) for 
Hormidiospora verrucosa. Further work will be needed to determine whether Vinatzer's 
strain (SAG 8.85 = CCCryo 367-11) belongs in Raphidonema (Hormidiospora is 
currently a monospecific genus). We also determined that the species name attached to 
SAG 2030, Koliella antarctica (a strain which is a relative to its name’s holotype material) 
was invalidly published. So, we proposed a new name for its species clade, R. monicae. 
The other strains in its clade, CCALA 360 and 790, were not designated as being related 
to any type strains, and so hereafter will be designated as R. monicae. 
Our analyses revealed that Pseudochlorella and our proposed Raphidonema 
clades are closely related, with the rbcL phylogeny showing them to form a paraphyletic 
clade (Fig. 3.1). While Pseudochlorella was originally created to differentiate algal strains 
from Chlorella, it is phylogenetically more closely related to Raphidonema, and not well 
distinguished. We left the two genera separate because of differences in cell shape, but 
we acknowledge that within the Trebouxiophyceae, morphology can be misleading, 
especially in the Raphidonema-Koliella-Stichococcus-Pseudochlorella complex. Future 
studies encompassing more loci from both nuclear and organellar sources from a wider 
variety of strains are needed to delimit this group.  
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Although we were able to establish epitypes and amended the diagnoses for 
three Raphidonema species, there are additional species descriptions that only exist as 
pictures or drawings (see e.g. Kol 1968). Given what we know about their potential for 
morphological variation, it is impossible to say how many of those species were 
erroneously created. Hoham (1973) listed 22 species from various publications that 
should be included in Raphidonema, many of which, presumably, could be assigned to 
either of the species analyzed in this study, yet unfortunately no material exists for 
sequence analysis. Therefore, there is no clear way to update the nomenclature 
regarding all Raphidonema species, yet we created the basis for a new taxonomic 
scheme. 
Using our propopsed taxonomy, we diagnosed our five isolates from alpine snow 
fields in southwestern B.C., Canada. Based on their placement on the rbcL tree they are 
Raphidonema spp. (Fig. 3.1), and according to their ITS2 sequence and structure, all fall 
within the R. nivale species clade (Fig. 3.5).  
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Figure 3.1  A phylogenetic tree constructed using Bayesian inference with Mr. 
Bayes on an alignment of the rbcL gene.  
Node values are posterior probabilities of the model given the data, and any 
values obstructed from view were moved to the top left of their respective node. 
Tip labels include the unique strain ID and the previously assigned species name 
if available. Support values were also removed from clades where the 
phylogenetic distance was so small that bifurcating nodes are visually 
indiscernible. Generic boundaries are highlighted. Although the rbcL phylogeny 
suggests SAG 470-1 groups with Pseudochlorella, our ITS2 analysis (see Fig. 





Figure 3.2   A maximum likelihood tree constructed with RAxML on the rbcL 
gene alignment.  
Node support values are from 1000 bootstrap replicates.   
Raphidonema nivale CCAP 470/4
Chlorella sorokiniana 1230 (KJ742376)
Micractinium sp. CCRyo 141−1
Chlorella variabilis Syngen2−3 (AB260904)
Chlorella vulgaris (EU038286)
Elliptochloris bilobat SAG 245.80 (FJ217379)
Hemichloris antarctica SAG 62.90 (HQ317294)
Koliella corcontica SAG 24.84 (KM438419)
Prasiola crispa (AY694195)
Prasiola sp. CCCryo 420−13
Stichococcus bacillaris SAG 335−3
Stichococcus bacillaris SAG 379.1b (AM260442)
Koliella sempervirens CCALA 363
Raphidonema sempervirens CCALA 790
Koliella antarctica SAG 2030
Raphidonema longiseta SAG 470−1
Psuedochlorella pyrenoidosa CCAP 264/3
Pseudochlorella pringsheimii SAG 211−1a (AM260446)
Pseudochlorella signiensis SAG 7.90 (KM462866:89686−91113)
Pabia signiensis CCCyro 507−19
Koliella pyrenoidifera CCCryo 375−11
Raphidonema nivale CCCryo 381−11
FLG LQ
Koliella longiseta 274−06
Raphidonema nivale CCCryo 262−06
Raphidonema sempervirens CCCryo 264−06
Raphidonema sempervirens CCCryo 258−06
Raphidonema nivale CU236c (EF589151)
Koliella sp. CCryo 017−99
Koliella sp. CCryo 019−99
Raphidonema nivale CCCryo 069−99
Raphidonema nivale CCCryo 062−99
Raphidonema nivale CCCryo 107−99
Raphidonema nivale CCCryo 037−99
GR1−E QL (MK262792)
Raphidonema sempervirens CCCryo 471−16
Raphidonema sempervirens CCCryo 359−10
GR1−H QL (MK262789)
GR1−G QL (MK262788)
Raphidonema sempervirens  CCCryo 012−99
Raphidonema sempervirens CCCryo 011a−99
Raphidonema sp. CCCryo 485−17
Raphidonema sempervirens CCCRyo 013−99
SR1−B QL (MK262791)
SR1−A QL (MK262790)
Stichoccus sp. Heim CCCryo 327−07 (EF589150)
Stichoccus sp. Oates CCCryo 321−07 (EF589148)
Stichoccus sp. Ruapehu CCCryo 324−07 (EF589149)
Koliella longiseta CCCryo 290−06
Chlorella vulgaris voucher SAG 211/11b (AF499684)
Koliella spiculiformis CCAP 470/2A





































Figure 3.3  A maximum parsimony tree constructed with PAUP on the rbcL 
gene alignment.  






Figure 3.4  A strict-consensus diagram of the ITS2 secondary structure drawn 
in 4SALE for all the strains in Raphidonema according to Fig. 3.1.  
Any base position that has a nucleotide identity assigned to it is conserved 















Figure 3.5  An unrooted phylogenetic tree drawn using maximum likelihood 
methods of the ITS2 sequence and secondary structure data.  
Only Raphidonema strains were included to delimit species boundaries within the 
genera. Node values are from 1000 bootstrap replicates, and any values <70 
were removed. Tip labels include the unique strain ID and the previously 
assigned species name if available. The environments from which strains were 





Figure 3.6  A maximum parsimony tree constructed with PAUP on the ITS2 
sequence and secondary structure gene alignment.  





Figure 3.7  A phylogenetic tree constructed with Bayesian inference on the ITS2 





Figure 3.8 :  Photomicrographs of Raphidonema sempervirens strains. 
(a) CCCryo 011a-99, (b) CCCryo 013-99, (c) CCCryo 012-99, (d) CCCryo 359-
10, (e) CCCryo 471-16,(f) GR1-E, (g) GR1-G, (h) GR1-H, (i) CCCryo 327-07 = 
Novis NZSH, (j) SR1-B, (k) SR1-A, (l) CCCryo 485-17, (m) CCCryo 324-07 = 
Novis NZSR, (n) CCCryo 321-07, (o) CCCryo 290-06. Note the ANT4 sequence 






























Figure 3.9  SEM photographs of the five isolates formB.C. Canada. 
 a) are of GR1-E (also representative of strains GR1-G, and GR1-H). Panel b) is 
of SR1-A (also representative of SR1-B). The right image in panel b) shows the 
higher density white spots using the electron backscatter mode, whereas the 







Figure 3.10  Photomicrographs of the strains in the Raphidonema sempervirens 
sub-clade from Spitsbergen.  
(a,b) CCCryo 062-99, (c) CCCryo 107-99 in two different focus planes shows 
contorted morphology, (d,e) CCCryo 069-99, (f,g) CCCryo 037-99. Refer to Table 




















Figure 3.11  A strict-consensus structure of the ITS2 secondary structure for all 





Figure 3.12  A diagram showing the locations for each CBC and the base pair 
identities for each strain.  
The structures shown are a strict consensus between the strains of algae 
belonging to the species being compared. CBCs are indicated by the black 
boxes, and any position with an assigned base pair identity means it is 
conserved. Panel a) compare shows the one CBC between R. nivale and R. 
sempervirens, b) shows the two CBCs between R. sempervirens and R. catena, 
c) shows the one CBC between R. sempervirens and both R. monicae and R. 
pyrenoidfiera d) shows the one CBC between R. nivale and R. catena, excluding 
CCAP 470/4 which lacks the conserved position where the CBC occurs e) shows 
that R. catena and R. nivale have a conserved position in Helix II that is a CBC 
when compared to R. monicae and R. pyrenoidifera, and f) shows the single 

























R. sempervirens: R. nivale R. sempervirens: R. catena
R. sempervirens: R. monicae &
R. pyrenoidifera
R. nivale: R. catena
R. catena, R. nivale: R. monicae &
R. pyrenoidifera




Figure 3.13  Photomicrographs of the Raphidonema nivale. 
(a) CCCryo 274-06, (b) CCCryo 262-06, (c) CCCryo 258-06, (d) CCCryo 264-06, 
(e) CCCryo 381-11, (f) CCCryo 375-11 (g) CCCryo 112-00 = CCAP 470/4 = 
UTEX B SNO3; Colgate 73-C (CU 73-C) - this strain was obtained from CCAP in 



















Figure 3.14  Consensus ITS2 secondary structures of specific Raphidonema 
clades. 
The top ITS2 strict consensus structure includes all the strains in the R. nivale 
clade, including strains CCCryo 381-11, 274-06, 375-11. The bottom structure is 
a strict consensus including strains CCCryo 381-11, 274-06, 375-11 as well as 
the R. monicae and R. pyrenoidifera clades. Comparing them shows that the 







Figure 3.15  Photomicrographs of Raphidonema monicae strains. 
(a) CCALA 790, (b) CCALA 363, and (c) SAG 2030 (image taken by T. Darienko: 
2014-11-14 under Creative Commons License CC BY-SA 4.0). Refer to Table 
3.1 for growth temperatures. 
 
 
Figure 3.16  The strict consensus of Helix I from the ITS2 secondary structures 
between a) R. monicae strains including CCAP 470/5 and b) R. 
monicae strains excluding CCAP 470/5.  
Any base position that has a nucleotide identity assigned to it means its 100% 
conserved. 
a) b)




Figure 3.17  Photomicrographs of the Raphidonema catena strains. 
(a) CCCryo 019-99 generally forms long filaments, with some spiky cysts 
observed, (b) CCCryo 019-99 was also observed as shorter more irregular 
filaments when grown on agar. (c) CCCryo 017-99 was often seen as multi-celled 
filaments, (d) with individual and short filaments of cells being found on agar, (e) 
filaments were also seen with disk-like holdfasts attaching to surfaces. (d) and (e) 
are pictures of CCCryo 019-99 usually growing in long filaments on the surface of 





Figure 3.18  A strict consensus of the ITS2 secondary structures of the R. 
sempervirens and R. nivale clades.  




Figure 3.19  A strict consensus of the ITS2 secondary structures of the R. 
sempervirens and R. catena clades.  




Figure 3.20  A strict consensus of the ITS2 secondary structures of the R. 
sempervirens, R. nivale and R. pyrenoidifera clades.  




Figure 3.21  A strict consensus of the ITS2 secondary structures of the R. nivale 
and R. catena clades.  
We excluded strain CCAP 470/4 as it lacks the conserved position where the 




Figure 3.22  A strict consensus of the ITS2 secondary structures of the R. 
catena, R. nivale, R. monicae and R. pyrenoidifera clades.  




Figure 3.23  A strict consensus of the ITS2 secondary structures of the R. catena 
and R. monicae clades.  






















































































2010 Svalbard 4ºC red snow MW077559 MW077588 
CCCryo 
420-13 
































































2006 Antarctica 4ºC snow MW077565 MW077595 
CCCryo 
141-01 





































































































1968 USA 16ºC snow MW077555 MW077582 
CCAP 
470/2A 











1990 Antarctica 16ºC sea water MW077553 MW077578 
SAG 
23.84 
Koliella planctonica - 1962 Slovakia 16ºC freshwater - MW077579 
SAG 
335-3 












































































Table 3.2  The log likelihood values from both the unconstrained and 
constrained Bayesian phylogenetic models of the rbcL gene 
alignments from a stepping stone analysis.  
The two constrained models for both genes correspond to the two topological 
hypothesis predicting that (1) all strains historically identified as Koliella and 
Raphidonema will be monophyletic and (2) that the R. sempervirens strains from 
the same geographic regions will be monophyletic. The models are assessed by 
comparison to the unconstrained (null) model by calculation of the Bayes factor, 
a value >10 is needed to reject the null. 
Hypothesis # rbcL rbcL Bayes factor 
1 -10534.78 -898.64 
2 -10122.11 -73.3 
unconstrained -10085.46  
 
 
Table 3.3  A pairwise matrix of the CBC’s between the strains of each 
proposed taxon in our analysis.  
 
 
1. 2. 3. 4. 5. 
Raphidonema sempervirens 1.  0 1 1 2 1 
Raphidonema nivale 2.    0 1 1 1 
Raphidonema monicae  3.      0 2 0 
Raphidonema catena 4.       0  1 
Raphidonema pyrenoidifera 5.          0  
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As lead author I designed the study with input from all authors. I designed the protocols 
for and led sequencing library preparation, and co-designed the DNA extraction protocol 
with CE. I co-designed sampling design with CE and LQ, and CE led the sampling 




The following Chapter depicts a fungi identified solely by morphology as 
Selenotila nivalis (Figure 1D). After the publication of this chapter, work by Irwin et al. 
(2021) showed that the species Chionaster nivalis (Tremellomycetes, Basidiomycota)  
has the same morphology as the fungi we had called S. nivalis. Irwin et al. (2021) also 
notes their distribution is global in alpine and arctic regions, and there are likely more un-
described species within psychrophilic habitats. It is therefore likely that the fungi 
descibed in this chapter is C. nivalis. 
Additionally, I generated rarefaction curves which confirmed we had adequate 
sequencing depth to detect all possible ASVs. 
 
Addendum references:   
Irwin, N. A. T., Twynstra, C. S., Mathur, V., and Keeling, P. J. (2021). The molecular 
phylogeny of Chionaster nivalis reveals a novel order of psychrophilic and 
globally distributed Tremellomycetes (Fungi, Basidiomycota). PLoS One 16, 1–
13. doi:10.1371/journal.pone.0247594. 
4.2. Abstract 
Snow algae blooms contain bacteria, fungi, and other microscopic organisms. 
We surveyed 55 alpine snow algae blooms, collecting a total of 68 samples, from 12 
mountains in the Coast Range of British Columbia, Canada. We used microscopy and 
rDNA metabarcoding to document biodiversity and query species and taxonomic 
associations. Across all samples, we found 173 algal, 2739 bacterial, 380 fungal, and 
540 protist/animalia OTUs. In a previous study, we reported that most algal species were 
distributed along an elevational gradient. In the current study, we were surprised to find 
no corresponding distribution in any other taxa. We also tested the hypothesis that 
certain bacterial and fungal taxa co-occur with specific algal taxa. Despite previous 
evidence that particular genera co-occur, we found no significant correlations between 
taxa across our 68 samples. Notably, seven bacterial, one fungal and two Cercozoan 
OTUs were widely distributed across our study region. Taken together, these data 
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suggest that the expected mutualisms with algae are not taxon specific. We also report 
evidence of snow algae predation by rotifers, tardigrades, springtails, chytrid fungi, and 
ciliates, establishing the framework for a complex foodweb.  
4.3. Introduction 
Alpine snow algae microbiomes are threatened by global warming as glaciers 
and permanent snowfields disappear. Annual snow coverage in the northern hemisphere 
has decreased by 5-6 days over the last 50 years (Bormann et al., 2018). At the same 
time, snow algae blooms amplify the rate of snow loss by decreasing snow surface 
albedo (Ganey et al., 2017; Lutz et al., 2016; Thomas and Duval, 1995) and microbial 
growth on snow contributes to accelerated snow melt on a global scale (Ganey et al., 
2017; Williamson et al., 2020). We seek to understand the microbial diversity that 
supports these at-risk alpine microbiomes. It is likely that mutualist interactions are 
essential for algae growth in this extreme and ephemeral habitat, as is the case in 
aquatic environments (Seymour et al., 2017). Therefore, a key step towards 
understanding bloom development is to identify the non-algal components of the blooms. 
Snow algae blooms can form a patchwork of red, green or orange snow that can 
covers large areas (Davey et al., 2019; Ganey et al., 2017; Hoham and Remias, 2020; 
Lutz et al., 2016; Remias et al., 2013b; Segawa et al., 2018). The blooms support rich 
communities including viruses, bacteria, fungi, ciliates and small metazoans (Brown et 
al., 2015; Davey et al., 2019; Duval et al., 1999; Hisakawa et al., 2015; Lutz et al., 2016; 
Segawa et al., 2018; Takeuchi et al., 2006; Thomas and Duval, 1995). Snow algae 
blooms are typically dominated by algae of the phylum Chlorophyta, although blooms 
dominated by phylum Ochrophyta have also been reported (Hamilton and Havig, 2017; 
Hoham and Remias, 2020; Leya, 2013; Remias et al., 2013a, 2020). These bloom-
forming algae are widely distributed at low densities in white snow around the globe 
(Brown and Jumpponen, 2019; Maccario et al., 2019).  
 Bacteria can promote algal growth through the exchange of metabolites (e.g., 
vitamins, amino acids or plant hormones) for fixed carbon (Ramanan et al., 2016; 
Seymour et al., 2017). These relationships have not been documented in snow algae 
microbiomes, but there is some evidence for their existence. In a metabolomic study of 
114 
 
green snow in Antarctica, Davey and co-authors found calystegine, an alkaloid noted for 
plant-bacterial communication (Davey et al., 2019). In a laboratory experiment, 
Terashima et al. ( 2017) showed that a Chloromonas spp. isolated from snow grew 
better in the presence of bacteria from a field sample, than when plated with an 
antibiotic. Another study co-culturing snow bacteria and Chloromonas brevispina 
showed increased iron-containing mineral dissolution and stimulated algae growth; 
suggesting bacteria could help snow algae obtain bioavailable iron from mineral dust 
(Harrold et al., 2018). Although little data exist for algae-fungal mutualisms outside of 
lichens, metabolite exchange can occur between a yeast (Saccharomyces cerevisiae) 
and a microalgae (Chlamydomonas reinhardtii; Hom and Murray, 2014).  
A few studies have documented the distribution of snow algae microbiomes and 
potential growth-limiting factors (Brown et al., 2016; Hamilton and Havig, 2017; Lutz et 
al., 2016; Terashima et al., 2017). Lutz et al. (2016) compared the variation in bacterial 
and algae communities in Arctic environments. They found that sites in Northern 
Sweden had similar bacterial community composition as sites in Svalbard, but the two 
locations varied in their relative abundance profiles. In contrast, on Mount Asahi, Japan, 
patches of red and green snow within a few hundred meters of one another had distinct 
bacterial profiles (Terashima et al., 2017). Because the algal communities were different 
(three of the blooms were red and one was green) the authors suggest that different 
algal species might recruit different bacterial assemblages. Another alpine study, this 
one in the Austrian Alps by Krug et al. (2020), reported that specific algal genera from 
red (n=3), green (n=1) and orange (n=1) patches of snow positively correlate with 
specific bacterial genera.  
In the current study, we set out to robustly document the microbial diversity in the 
mountains of Southwestern British Columbia. Previously, we reported that Sanguina and 
Chloromonas dominated distinct blooms and that they were found at different elevations 
(Engstrom et al., 2020). Based on the work of Tereshima et al. (2017) and Krug et al. 
(2020), we predicted that specific microbial taxa would be associated with the distinct 
algal blooms.  
Over the 2018 melt season, we collected 68 samples from 55 snow algae blooms 
on 12 different mountains in the Coast Range near Vancouver, Canada. Sample sites 
ranged in elevation from 880 to 2150 m above sea level, ranging from below and above 
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the tree line. We surveyed the algal, protist, metazoan, fungal and bacterial communities 
using both microscopy and 16S/18S rDNA metabarcoding. Across all samples, we found 
173 algal, 2739 bacterial, 380 fungal, and 540 protist/animalia OTUs. We did not find 
any significant co-occurrence patterns, even when examining the specific genera 
highlighted by Krug et al. (2020). We found only seven bacterial, one fungal, and two 
glissomonad OTUs that were present in more than 90% of snow algae samples. Also 
ubiquitous were Chytridiomycota, which we observed physically attached to algae cells. 
We also provide evidence for predation of algae by rotifers, tardigrades and various 
ciliates whom were photographed with snow algae in their guts. 
4.4. Methods 
4.4.1. Sample collection 
Samples were collected during the 2018 melt season between May and 
September, from 12 mountains near Vancouver, Canada (Table 1). Our sampling efforts 
focused on collecting a wide range of colored snow, including green (n=20), red (n=31), 
and orange (n=17) from between 880 to 2150 m above sea level. Samples were 
collected in either a Whirl-Pak® sample bag or a 50 mL centrifuge tube using a sterile 
scoop, and the brightest colored snow from a patch was collected until the container was 
full. In total 68 samples were analyzed from 55 snow algae bloom sites.  
Upon collection, samples were packed together, with extra white snow as 
packing to ensure they were kept cool until they were returned to the lab. We thawed 
samples on a lab bench at room temperature, and 1mL aliquots were fixed in 2% 
glutaraldehyde for microscopy. Samples were examined at 100x, 630x and 1000x 
magnification on an Axioskop 2 (Zeiss) using DIC and photographed using a Canon 
EOS T6 camera (Canon, Tokyo, Japan). Samples were then stored at -20 ºC until 
processing for DNA extractions.  
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4.4.2. DNA extractions  
Samples were thawed at room temperature, and DNA extracted and purified 
using a chloroform method (Cubero et al., 1999), with a CTAB buffer for the cell lysis 
steps (3% w/v CTAB, 100mM Tris pH 8.0, 20 mM EDTA, 2.8 M NaCl, 1% w/v PVP). We 
used two different cell lysis methods because after completing the first sequencing run 
with lysis method 1, we developed lysis method 2, which has fewer steps, thereby 
reducing points for possible contamination. We also opted for manually grinding cells for 
cell lysis in method 2 to improve the efficiency of lysing fungi and algae. For 42 samples, 
we used cell lysis method 1: Cells were collected on a 0.2 µm nitrocellulose filter 
(Sartorius AG), then the filters were cut into strips and placed in a 2 mL tube filled with 
0.1mm glass beads (Qiagen). 700 µL of CTAB extraction buffer was added, and the 
tubes were sonicated at 40% amplitude for 30s (Bronson Digital Sonifier 450). After 
sonication, the samples were shaken for 4.5 mins at 5000 rpm in a Precellys 24 tissue 
homogenizer (Bertin Instruments). Finally, the tubes were incubated at 60 ºC for 1 hour. 
For 26 samples, we used cell lysis method 2:  Cells were freeze-dried in the 50 mL 
collection tubes. The dried pellet was transferred to a 1.5 mL microcentrifuge tube and 
ground for one minute by hand using a mini-pestle. 700 µL of CTAB extraction buffer 
was added, and samples incubated for 1 hour at 60 ºC. DNA was quantified using a 
Qubit (Invitrogen). The lysate from both methods was then carried forward into a 
chloroform extraction, and a subsequent EtOH precipitation step after Cubero et al. 
(1999).  
4.4.3. Amplicon library preparation and sequencing for 
metabarcoding 
From each sample, we generated amplicons for two targets, the 16S rDNA gene 
of prokaryotes using the primer set Pro341F, (5'-CCT ACG GGN BGC ASC AG-3') and 
Pro805R (5'-GAC TAC NVG GGT ATC TAA TCC-3') (Takahashi et al., 2014); and the 
18S rDNA gene of eukaryotes using the primer pair Euk1181 (5'-TTA ATT TGA CTC 
AAC RCG GG-3') and Euk1624 (5'-CGG GCG GTG TGT ACA AAG G-3') (Wang et al., 
2014). We used a two-step PCR library construction: initial primers of the target gene 
had a universal adapter attached, generating targeted fragments with the universal 5' 
and 3' adapter sequence appended to their respective ends. Five µL of the original 
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amplicon PCR was placed into a second reaction using primers with the universal 
adaptor sequence and a unique 6 bp index, resulting in the addition of the 6 bp index 
sequence to the 3' end of each amplicon (one barcode per sample for all gene targets), 
and a universal barcode on the 5' end. The cycling conditions were the same for both the 
16S and 18S primer pairs. For the first PCR, the reactions were done with a total volume 
of 25 µL, consisting of 12.5 µL of the Q5 high fidelity 2X MM (New England BioLabs, 
Inc.), 1.25 µL of each respective forward and reverse primer (10 µM), and 9 µL of 
ddH2O. For the second PCR the ddH2O was reduced to 5 µL to compensate for the 
increased template volume input. For the first PCR, we did an initial denaturation at 98 
ºC for 30 s, followed by 30 cycles of 98 ºC for 5 s, 58 ºC for 10 s, and 72 ºC for 25 s, and 
then a final extension at 72 ºC for 2 min. The indexing PCR started with an initial 
denaturation at 98 ºC for 30s, then 10 cycles of 98 ºC for 10 s, 65 ºC for 30 s, and 72 ºC 
for 30 s with a final denaturation of 72 s for 5 minutes. After each PCR, the product was 
purified with the Agencourt AMPure XP kit (Beckman Coulter, Inc.) according to 
manufacturer specifications. After indexing, they were quantified using a Qubit, and 
standardized for pooling. The pooled library was then loaded and run on a MiSeq 
(Illumina). Samples used from this study came from two sequencing runs. Amplicons 
from samples lysed by method one were sequenced with a MiSeq V2 kit (Illumina). 
Amplicons from samples lysed with method two were sequenced using a MiSeq V3 kit 
(Illumina). All raw fastq files were uploaded to the European Nucleotide Archive under 
the project accession PRJEB34539.  
4.4.4. Sequence data processing  
Reads for both 16S and 18S rDNA were first demultiplexed using CUTADAPT 
v2.3 (Martin, 2011), and primer sequences removed. The reads were quality filtered, and 
merged through the dada2 default pipeline in R v3.6.1 (Callahan et al., 2016; R Core 
Team, 2016). For the 16S and 18S rDNA sequences taxonomy assignments were done 
by using the Silva small subunit database v132 (Quast et al., 2013), formatted for dada2 
(https://benjjneb.github.io/dada2/training.html). Taxonomy was assigned using the naïve 
bayesian classifier RDP (Wang et al., 2007), implemented by dada2. The newly defined 
genus Sanguina (Procházková et al., 2019) is absent from the Silva V132 database 
therefore, we aligned all Chlamydomonas 18S sequences to the NCBI GenBank 
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database (Clark et al., 2016) using BLAST (Altschul et al., 1990). Sequences were 
reassigned to Sanguina if it was the unambiguous top match (no other matches with 
identity >92%). Taxonomic assignments were used to define fungal, algal, and other 18S 
rDNA reads. All analyses were done using relative abundance values unless otherwise 
stated.  
The amplicon sequencing variants (ASVs) output from dada2 were used to 
assess the distribution of bacteria and eukaryotes sharing identical 16S or 18S 
sequences. To further assess the distribution of putative bacterial and fungal species, 
we grouped 16S and fungal 18S rDNA into OTUs. OTUs were clustered using SWARM 
v2.0 with the default settings (Mahé et al., 2014), which include a strict sequence 
clustering threshold of 1 base pair difference during the initial alignment phase. Richness 
was calculated for each sample by counting the total number of ASVs or OTUs. All 
subsequent analyses for bacteria and fungi were done on both ASVs and OTUs to 
assess potential population and species level variation, whereas eukaryotes were 
assessed with OTUs.  
Community data was analyzed in R to ascertain co-occurrences (using Kendall’s 
tau rank correlations (𝜏)) between algae and the fungal, bacterial and protist 
communities, using relative abundances. Community trends across elevational gradients 
were assessed for both all microbial groups separately by using a distance based 
redundancy analysis (dbRDA) with a Bray-Curtis distance matrix in vegan (Oksanen et 
al., 2017), and with elevation, snow color, and dominant algae genus separately as a 
constraints. The adjusted R2 values were also calculated to assess the amount of 
variation explained by each variable in the bacterial community. Community structure 
was also assessed using nonmetric multidimensional scaling (NMDS) and using 95% 
confidence ellipses to assess community structure by snow color and dominant algae 
genera. We used the dominant algae genera detected in each sample as a constraint in 
a dbRDA of the bacterial 16S rDNA data to ask whether dominant algae sequences 
contributed to structuring the bacterial community. Correlation matrices were computed 
between all algal-bacterial and algal-fungal ASVs and OTUs to assess co-occurrence 
patterns. Heatmaps were also constructed in R using the ggplot2 (Wickham, 2016) and 
heatmaply (Galili et al., 2017) packages, and hierarchical clustering was done in base R 
to order the samples by similarity along the both axis.  
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4.5. Results  
4.5.1. Microscopic documentation of microbiome diversity  
Examination of snow melt samples with light microscopy revealed a diverse set 
of organisms. Samples often had a visual abundance of prokaryotes in proximity to 
algae cells (Fig. 4.1A), and in biofilms. Larger fungal cells were often present, with 
various morphologies (Fig. 4.1B). Additionally, small flagellated and larger mature chytrid 
cells were frequently seen attached to algae cells (Fig. 4.1C). The morphological species 
called Selenotila nivalis were commonly seen (Light and Belcher, 1968; Fig. 4.1D), as 
was an unidentified micro-eukaryote with a thick outer shell, harbouring green spheroids 
(Fig. 4.1E). We frequently observed presumptive algal predators with their guts full of 
red-pigmented algae cells. These included diverse ciliates (Figure 1F) and multicellular 
organisms, tardigrades (Fig. 4.1H), rotifers (Fig. 4.1I), and springtails (Collembola; Fig. 
4.1J).  
4.5.2. Metabarcoding results 
To identify the organisms observed by microscopy and to assess the species 
richness of the microbial groups, we examined the metabarcoding data. Our analysis 
pipeline output a total of 3,742,232 16S rDNA reads with an average of 53,446 (SD 
±15,315) reads per sample, and 2,392,864 18S rDNA reads with an average of 34,184 
(SD ±12,400) reads per sample. Because our data set includes two different sequencing 
runs, we chose two samples (GAR18.01 and SEY18.74) to compare sequencing run one 
(MiSeq V2 kit and lysis method 1) with sequencing run two (MiSeq V3 kit and lysis 
method 2). There were no significant differences in the 16S or 18S rDNA ASV profiles 
between the batch control samples (Chi-square test p = 1; visualized via heatmap Fig. 
4.2). To test for systematic bias, we examined the overall community compositions as a 
function of sequencing run and found no significant effects (dbRDA: 16S rDNA R2 = 
0.02, 18S rDNA R2 = 0.04, analyzed via NMDS as Fig. 4.3). The lack of run bias is 
further documented in Fig. 4.4 which shows high level taxa for all samples, and so we 
chose to analyze the data from the two sequencing runs together.   
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Samples were generally dominated by three bacterial phyla: Proteobacteria, 
Bacteroidetes and Actinobacteria (Fig. 4.4). The 18S sequencing reads from each 
sample were assigned primarily to Cercozoa, Chlorophyta, Ciliophora, and Fungi (Fig. 
4.4). Sequences belonging to methanogens were the only archaea detected and were 
excluded from analysis due to low read number and infrequent occurrence (<0.04% 
relative abundance in only four samples). In total, we detected 3309 bacterial, 380 
fungal, 656 protist/animalia, and 173 algal ASVs. When ASVs were grouped into OTUs 
to estimate species richness, there were 2739 bacterial, 315 fungal, 540 protist/animalia 
and 131 algal OTUs, with on average more ASVs per sample than OTUs (Fig. 4.5).  
4.5.3. Algal community composition 
Our sampling scheme encompassed a variety of snow conditions, across a wide 
range of elevations on several mountains. We detected 145 ASVs from Chlorophyta 
(Archaeplastida), and 28 from Ochrophyta (Stramenopiles). In addition to greater 
sequence diversity, the Chlorophyta were more abundant, with 114x more total 
sequencing reads than Ochrophyta. The Chlorophyta comprised mostly of 
Chlorophyceae, with some Trebouxiophyceae, and Mamiellophyceae. All snow samples 
were dominated by either Chloromonas spp, or Sanguina spp; Chloromonas-dominated 
sites were the most common (Fig. 4.6). The families of Ochorophyta detected included 
Chrysophyceae, Chrysocapsales, Mallomonadaceae and Xanthophyceae. For a higher 
resolution analysis of the algal communities within our study region see Engstrom et al. 
(2020). 
4.5.4. Bacterial communities 
Although we found similar phlyum-level bacterial diversity at all sites (see Fig. 
4.4), we wanted to examine the community structure at ASV and OTU level to test for 
specific co-occurrence, particularly of bacteria and fungi with algae. We used both 
unconstrained (NMDS) and constrained (dbRDA) ordinations to test variation in the 
community structure. Both NMDS and dbRDA found the bacterial community structure 
did not correspond to that of the algae community (dbRDA constrained by dominant 
algal genus; ASVs R2 = 0.07: OTUs R2 = 0.07; NMDS Fig. 4.7). We constructed 
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correlation matrices of bacterial 16S rDNA ASVs/OTUs against algae 18S rDNA 
ASVs/OTUs, and did not find any significant correlates (all Kendall’s tau rank 
correlations; 𝜏 < 0.5). We then looked for correlations between bacterial genera, and the 
two dominant algal genera, Chloromonas and Sanguina, and again found no correlations 
(𝜏  < 0.5 for all). Next we examined the bacterial-algal genera reported by Krug et al. 
(2020) to be positively correlated in snow algal blooms found in the Austrian Alps, and 
found no significant relationships (Fig. 4.8). The strongest correlations for Sanguina and 
Chloromonas were with Hymenobacter (𝜏 = 0.45) and Aquaspirillum (𝜏 = 0.43) 
respectively, but visualized as scatterplots these correlations were largely driven by a 
handful of sites, and were not representative of all samples (Fig. 4.8B and Fig. 4.8C). 
The bacterial community showed little variation between samples with different snow 
colors, as revealed by a dbRDA constrained by snow color (ASVs R2 = 0.05; NMDS 
Supplementary Figure 4), and bacterial OTUs showed similarly low variation (OTUs R2 = 
0.07; NMDS Fig. 4.9). Therefore, according to the dbRDAs, large amounts of the 
variation in the community composition of ASVs or OTUs could not be explained by 
dominant algae taxa nor by snow color. Nor did we find any large shifts in bacterial 
communities based on changes in elevation using either an NMDS analysis or a dbRDA 
analysis with elevation as a constraining variable (R2 = 0.11 for ASVs, and R2 = 0.11 for 
OTUs, Fig. 4.10). There were no regional patterns based on mountain, when analyzed 
by NMDS (Fig. 4.11).  
Across all samples, ten bacterial families (out of 120 total families) were 
prevalent, occurring in at least 75% of samples, with six being found in all samples (Fig. 
4.12 and Table 4.2). While most OTUs were only found in a few samples, seven OTUs 
were widespread, occurring in at least 61 out of our 68 samples (≥ 90%) (Fig. 4.13 and 
4.14). The seven widespread OTUs did not comprise the top seven most abundant 
OTUs on average (Fig. 4.13A), and therefore were not necessarily representative of the 
dominant community in any one sample. Several predominant families were not 
represented by any of the widespread OTUs. These include Chitonphagacea, 
Comamonadaceae, Cytophagaceae, Neisseriaceae, and Pseudomonadaceae (Fig. 
4.12, 4.13 and Table 4.2).  
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4.5.5. Fungi and protists 
Out of 74 detected Fungal families, the most common detected in our samples 
included Camptobasidiaceae, Cordycipitaceae, Gromochytriaceae, Kriegeriaceae, and 
Rhizophydiaceae (Fig. 4.15). One OTU assigned to Camptobasidium (fungal OTU 1) 
was found in all samples but one (NES18.03).  Fungal OTU 1 comprises an average of 
29% (SE ±1.9%) of detected fungal sequences. We commonly saw Chytridiomycota, 
which were morphologically identified as translucent spheroids attached to algal cells 
(Fig. 4.1C).  In total there were 22 Chytridiomycota OTUs belonging to the groups 
Gromochytriaceae (found in 87% of samples) and Rhizophydiales (found in 69% of 
samples). Although no single Chytridiomycota OTU was widespread, as a group they 
were detected in most samples (Table 4.3).  
To examine fungal co-occurrence with algae, we created a correlation matrix of 
the relative abundances of the Fungal families against Chloromonas and Sanguina. We 
found no significant correlations (𝜏 < 0.5). The fungal community composition showed 
little variation that corresponded to changes in elevation (OTU R2 = 0.04, ASV R2 = 0.04; 
NMDS Fig. 4.16), dominant algae genera (OTU R2 = 0.03, ASV R2 = 0.03; NMDS Fig. 
4.17), or snow color (OTU R2 = 0.03, ASV R2 = 0.03; NMDS Fig. 4.18).  
Other taxa detected by 18S sequencing included cercozoans, ciliates, and 
metazoans (Fig. 4.19). Two cercozoan OTUs were widespread (Table 4.3). The 
remaining ASVs were primarily attributed to Cercozoa (290 additional OTUs), and 
Ciliophora (115 OTUs) with each group represented in every sample. Common taxa of 
Animalia included Rotifers (of the classes Bdelloidea and Monogononta), Collembola 
(springtails), and Acari spp. (mites) which taken together were detected in 72% of our 
samples (Table 4.3). Interestingly, Cercozoa and Ciliophora tended to be dominant at 
different sites (Fig. 4.19). When we examined the genera driving this pattern, we found a 
negative correlation between the cercozoan Heteromita and the ciliate Stokesia (𝜏 = -
0.48). The protist/metazoan community showed little variation across altitude (dbRDA for 
OTU R2 = 0.02, OTU R2 = 0.03; NMDS Fig. 4.20), dominant algal genera (dbRDA for 
OTU R2 = 0.03, OTU R2 = 0.03; NMDS Fi.g 4.21), or sample snow color (dbRDA for 




We found an abundance of bacteria, fungi, protists and metazoans thriving 
alongside algae in snow colored green, orange and red in the mountains of 
southwestern British Columbia. Key bacterial families and a few specific OTUs were 
predominant across all samples. This was a robust pattern observed across a total of 68 
samples from 55 unique blooms that encompassed red, green and orange snow. We 
failed to observe the co-occurrence of any specific bacteria-alga combinations. Our 
sequencing data provides insight into the taxa involved at each node of a hypothetical 
snow algae food web (Fig. 4.23), and creates a framework for future work exploring 
trophic connections.  
Bacteria are often noted as vital components near the base of food webs 
(Fenchel, 2008), turning nutrients and various carbon sources into biomass, and making 
them bioavailable for higher trophic levels. Even though algae are likely the dominant 
source of fixed carbon in their microbiome, there may be other sources of bioavailable 
carbon that may enter the food web via bacteria (and possibly fungal decomposers). 
Black carbon particulate deposited from the atmosphere onto snow surfaces can spur 
microbial growth (Malits et al., 2015; Weinbauer et al., 2017). In addition, decomposition 
of detritus has been noted as an important carbon source in aquatic food webs (Matveev 
and Robson, 2014) and likely plays a role in the cycling of carbon within the snow algae 
microbiome. At present, the relative contribution of each carbon source to the snow 
algae microbiome is unknown.  
Seymour et al. (2017) argue that algal-bacterial mutualistic relationships may be 
more prevalent than antagonistic ones, as these organisms work together to survive in 
wide range of environments. The bacteria that were widespread in our study, all of which 
had populations larger than the vast majority of detected bacteria, may include mutualist 
partners of snow algae. Previous work reported many of the same bacterial taxa (Figs. 
4.12, Fig. 4.13B and Table 4.2) and widely distributed OTUs (Fig. 4.13B) from both polar 
and alpine snow algae blooms, including Sphingobacteriaceae, Chitonphagaceae, 
Cytophagia  (Brown et al., 2015; Davey et al., 2019; Hamilton and Havig, 2017; Lutz et 
al., 2016; Terashima et al., 2017). Various Proteobacteria are also often reported, 
including Oxalobacteraceae (e.g. Glaciimonas), Comamonadaceae (e.g. Polaromonas), 
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and Pseudomonas (Davey et al., 2019; Hamilton and Havig, 2017; Lutz et al., 2016; 
Terashima et al., 2017). The most abundant OTU in our study was assigned to the 
genus Solitalea (Fig. 4.13). Previously, a comparative analysis of 18 
Sphingobacteriaceae strains revealed diversity in genes related to cold adaptations, 
osmotic regulation and secondary metabolisms (N and C species processing) (Shen et 
al., 2017). As Sphingobacteriaceae are a prolific group in terms of abundance and 
distribution, they likely play an important role in biogeochemical cycling within the snow 
algae microbiome. Genomic analysis of these snow borne bacteria will be necessary to 
differentiate their metabolic niches within the microbiome. 
 The only bacterial OTU found in all samples belonged the genus 
Novosphingobium, which contains species capable of degrading various aromatic 
compounds (Wang et al., 2018). Interestingly, while the family Sphingomonadaceae 
(although not Novosphingobium specifically)  has been reported in the Alps by Krug et 
al. (2020) it was not reported by Terashima et al. (2017) on Mount Asahi in Japan, or by 
Hamilton and Havig (2017) on Mountains in the Pacific Northwest of the USA. Neither 
Novosphingobium  nor Sphingomonadaceae were reported in studies from the Arctic 
(Lutz et al., 2016) or Antarctic (Davey et al., 2019) regions. But using transects across 
Fennoscandia and Colorado, USA, Brown and Jumpponen (2019) found that 
Novosphingobium was widely distributed in white snow on both continents. While 
regional variation could account for the absence of Novosphingobium at some sites, we 
propose it may be widely distributed, but because it is low abundance (Fig. 4.13), it may 
go unreported in studies focussed on between-site differences.  
In a study at two sites in the Austrian Alps, Krug et al. (2020) reported 
correlations between Chloromonas and the bacterial genera Ferruginibacter and 
Hymenobacter, and Chlamydomonas (Sanguina in our study) with Aquaspirillum, 
Chryseobacterium, and Rhizobium. We did not find these associations in our 68 samples 
snow algae samples, from 55 sites (Fig. 4.8A). These results suggest that the co-
occurrence patterns reported by Krug et al (2020) are unlikely to be indicative of taxa or 
species-specific mutualisms. The general lack of specific algal-bacteria associations in 
our study suggests a paucity of obligate mutualisms. However, based on the importance 
of bacterial-algal mutualisms in other aquatic systems (Seymour et al., 2017), it is 
possible that non-specific mutualisms are at work in snow algae microbiomes.  
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It has been hypothesized that fungi play an important role in algae blooms as  
they are enriched relative to adjacent white snow (Brown et al., 2015). Many snow borne 
fungi found in blooms are presumptive yeasts (Brown et al., 2015; Davey et al., 2019). A 
widespread OTU in our study belongs to the genus Camptobasidium, which is a member 
of Kriegeriales, an order with known yeast forms. The type of symbiotic relationships, if 
any, these fungi have within the microbiome are unknown, but they likely metabolize 
carbon fixed by algae. Similar fungal taxa can also be found in other cryosphere 
environments, such as on ice sheets in Greenland where Perini et al. (2019) found the 
family Microbotryomycetes in super glacial water, sediment, and water from cryoconite 
holes. Microbotryomycetes was widespread and abundant in our study, primarily 
represented by Camptobasidiaceae and Kriegeriaceae (Fig. 4.15). 
We observed chytrid fungi attached to snow algae (Fig. 4.1), reminiscent of the 
chytrid Gromochytrium mamkaevae, a known parasite of freshwater algae (Fig. 4.1; 
Karpov et al., 2014). Gromochytriaceae was prevalent in our 18S metabarcoding data 
(Fig. 4.15), and is known to have over 225 aquatic species that are primarily algae 
parasites within the genus Rhizophydium alone (Karpov et al., 2014). Our observations 
are consistent with those made in alpine snows in Colorado, where chytrids have been 
noted to attach to algal cells (Stein and Amundsen, 1967). Therefore, it is likely that 
chytridiomycota play a role in the carbon cycling within a bloom by parasitizing algae, 
and part of the snow food web (Naff et al., 2013).  
Many of the fungal and bacterial taxa found in our snow algae samples have also 
been detected in white snow (Brown and Jumpponen, 2019) as well as in other alpine 
and polar snow algae blooms (Hamilton and Havig, 2017; Lutz et al., 2016; Terashima et 
al., 2017). Particularly, OTUs from the families Sphingobacteriaceae, 
Pseudomonadaceae, Chitinophagaceae, and Oxalobacteraceae were dominant in white 
snow samples from Colorado and Fennoscandia, and found in polar snow packs within 
snow algae blooms (Brown and Jumpponen, 2019; Davey et al., 2019; Lutz et al., 2016). 
The overlap in bacterial taxa between these diverse and globally distributed studies, 
indicates the global distribution of these taxa in both white snow and red snow. Brown 
and Jumpponen (2019) found several fungal genera to be widespread (i.e. 
Cryptococcus, Kabatiella and Sydowia) that were not in our study, indicating possible 
larger scale geographical variation not captured by our study.  
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Predation plays an important role in the structure of food webs (Fox, 2007), but 
predator-prey relationships have not yet been explored in snow algae microbiomes. 
Taxa of protists that could act as algae predators have been noted in blooms before, 
such as euglenids, nematodes, ciliates (Bidigare et al., 1993; Davey et al., 2019; Duval 
et al., 1999; Ling and Seppelt, 1993), but until now, there has been no photographic 
documentation of protists preying on snow algae cells (Fig. 4.1).  
As anticipated based on our microscopy, sequencing revealed an abundance of 
protist sequences present in all samples. Several OTUs were assigned as Heteromita 
spp, with one found in all but one sample: Heteromita globose is closely related to our 
the widely distributed protist OTU 3, which is a bacterivorous testate amoeba that has 
been isolated from both temperate and cold environments. A second protist OTU that 
was widely distributed in our samples was a glissomonad, of undetermined genus. 
Because our collection protocol was not optimized for the collection of mobile 
metazoans, which are larger than algae and therefore occur at lower densities, our data 
set may underestimate their true distributions.  
4.6.1. Conclusion  
Over the course of a single season and across twelve mountains near 
Vancouver, B.C. we documented the diversity of microbial communities within snow 
algae microbiomes. We found that variation in the bacterial and fungal communities did 
not reflect variation in the algal communities, nor did they change with elevation. We 
found similar bacterial taxa (phyla and families) as previously found in other alpine and 
in polar snow algae blooms. Importantly, we found that certain families and some OTUs 
were prevalent across an entire region. Unicellular predators, predominantly a testate 
amoeba and another unidentified Cercozoan were found in all samples. Other 
widespread taxa included Chytidiomycota, Rotifera, Acari (mites) and Collembola 
(springtails). We found no evidence to support specific associations between algae and 
bacteria in the Coast Range of Southwestern, BC. 
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Figure 4.1  Representative photomicrographs of snow algae bloom samples.  
Bacteria are seen in the foreground of panel (A) with a red pigmented algae cell 
in the background, and various cells putatively designated as fungi due to size 
are in panel (B). Panel (C) is of two chytrid cells attached to the outside of an 
algae cell. Panel (D) shows a fungal morphotype called Selenotila nivalis (in 
addition to the red algal cells). Panels (E) and (F) both show examples of ciliates. 
Panels (G-J) are representative of animals seen in samples, and in order are a 





Figure 4.2  Heatmaps of top abundant bacterial and eukaryote ASVs to compare 
samples using different lysis methods. 
Bacteria (A) and eukaryote (B) ASVs that were at least 1% relatively abundant in 
the samples that were replicated with both cell lysis methods. The numbers on 
the x-axis indicate the cell lysis method and respective sequencing run the profile 




Figure 4.3  NMDS plots of the 16S rDNA (A) and 18s rDNA ASV relative 
abundances to compare lysis methods.  
Each point represents a sample and they are grouped by which lysis method was 




Figure 4.4  Relative abundance bar plots of all samples from the 16S and 18S 
rDNA metabarcoding analysis from both sequencing runs.  
The plots are made based on the taxonomic assignments of the ASVs, and 
include all ASVs that were above 1% relative abundance in at least one sample. 
The group ‘Rare taxa’ includes all ASVs that were below 1% relative abundance, 




Figure 4.5  Violin plots of the richness values for both ASVS and those ASVs 
clustered into OTUs.  
Plot (A) shows the bacterial 16S values, (B) the fungal 18S, (C) the algal 18S, 























































































































Figure 4.6  Relative abundances of algal genera across sites presented in a 
heat map organized by hierarchical clustering analysis. 
The group ‘Rare taxa’ includes all ASVs that were below 1% relative abundance, 




Figure 4.7  NMDS and dbRDA plots of the bacterial 16S relative abundances for 
ASVs and OTUs respectively.  
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Figure 4.8  A co-occurrence analysis of the microbial taxa reported by Krug et 
al. (2020) to be correlated with snow algal taxa in the Alps.  
All correlations were calculated using Kendall’s tau rank correlations (𝜏). (A) A 
heatmap of the correlations between taxa on the axis. (B) A scatterplot between 
Sanguina and the highest correlated bacterial genus (𝜏 = 0.45) from the heatmap 
in (A). (C) A scatterplot between Chloromonas and highest correlated bacterial 




Figure 4.9  NMDS and dbRDA plots of the bacterial 16S relative abundances for 
ASVs and OTUs respectively.  





Figure 4.10  NMDS plot of all 68 samples collected for this study 




Figure 4.11  NMDS and dbRDA plots of the bacterial 16S relative abundances for 
ASVs and OTUs over elevation.  




Figure 4.12  Relative abundance of the most prevalent bacterial families across 
sites, presented as a heat map organized by hierarchical clustering 
analysis.  
The group ‘Rare taxa’ includes all ASVs that were below 1% relative abundance, 




Figure 4.13  The top 100 abundant bacterial OTUs in our study including 7 that 
are the most widespread. 
 Panel (A) shows the average relative abundance across all 68 samples for the 
top 100 most abundant OTUs, error bars are standard error. Panel (B) shows the 
taxonomic assignments for each widespread OTU (in >90% of samples). These 
are shown as grey bars in panel (A). Percentage of sites indicates the 
occurrence of each OTU; # of ASVs refers to the total number of ASVs 





Figure 4.14  A heatmap of the relative abundances of the 7 widespread OTUs 
detected in each sample.  




Figure 4.15  Relative abundance of the most prevalent fungal families across 
sites shown as a heatmap organized by hierarchical clustering 
analysis.  
The group ‘Rare taxa’ includes all ASVs that were below 1% relative abundance, 




Figure 4.16 NMDS and dbRDA plots of the fungal 18S relative abundances for 
ASVs and OTUs respectively.  




Figure 4.17  NMDS and dbRDA plots of the fungal 18S relative abundances for 
ASVs and OTUs respectively.  
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Figure 4.18  NMDS and dbRDA plots of the fungal 18S relative abundances for 
ASVs and OTUs respectively.  
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Figure 4.19  Relative abundance of the remaining eukaryotic groups across sites 
presented a a heatmap organized by hierarchical clustering 
analysis.  
The group ‘Rare taxa’ includes all ASVs that were below 1% relative abundance, 























































































































Figure 4.20  NMDS and dbRDA plots of the protist/metazoan 18S relative 
abundances for ASVs and otus respectively.  




Figure 4.21  NMDS and dbRDA plots of the bacterial protist/metazoan 18S 
relative abundances for ASVs and OTUs respectively.  
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Figure 4.22  NMDS and dbRDA plots of the protist/metazoan 18S relative 
abundances for ASVs and OTUs respectively.  
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Figure 4.23  Hypothetical food web within the snow algae microbiome based on 
organisms and interactions seen in photomicrographs.  
Black arrows represent the flow of C to higher trophic levels, and the dotted lines 
represent hypothetical mutualistic feedback between trophic levels. Death and 
lysis of organisms that then feed back into the foodweb through decomposition 









Table 4.1  Collection data on the samples that were sequenced. Samples taken 
at different depth profiles are indicated by sequential lettering. 






























































































































































































































































































































































































































































































































































































































































































































































































































































Table 4.2  Bacterial families found in > 75% of samples. 












Table 4.3  Eukaryotic taxa found in snow algae blooms via 18S rDNA 
sequencing.  
Shown are the widespread fungi, protists, and multicellular eukaryotes 
(Animalia). Taxonomic assignments were based on the most abundant ASVs 
within an OTU. 
OTU# Phyla or Family Genus % of sites # of ASVs 
1 Camptobasidiaceae Camptobasidium 97 5 
- Chytridiomycota - 94 78 
3 Glissomonadida Heteromita 97 15 
7 Glissomonadida Unknown 91 7 
- Rotifera - 63 23 
- Acari - 25 21 
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The bacterial communities found in snow algae blooms have been described in 
terms of their 16S rDNA community profiles, but little information exists on their 
metabolic potential. As mutualisms between microalgae and bacteria are common, it is 
likely that certain bacterial metabolisms also enhance the survival and growth of snow 
algae. Previously, we reported that several bacterial taxa are common to snow algae 
blooms in the southwestern mountains of the Coast Range in British Columbia, Canada. 
Here, we further this work by reporting on the bacterial metagenome from the same 
snow algal microbiomes. We present both an overview of the metagenome and 
individual metagenomically assembled bacterial genomes (MAGs). In the metagenome 
we found ribosomal proteins from nine bacterial families previously reported to be 
widespread in the region. Of the total 54 binned MAGs, 28 were bacterial and estimated 
to be at least 50% complete based on single copy core genes. The 28 MAGs fell into five 
Classes: Actinomycetia, Alphaproteobacteria, Bacteroida, Betaproteobacteria and 
Gammaproteobacteria. All MAGs were assigned to a class, 27 to an order, 25 to family, 
18 to genus, and none to species. We found most MAGs had the genes necessary to 
participate in nitrate, nitrite, and sulfate reduction, with some MAGs having the genes 
needed for the import and metabolism of organosulfur molecules. Ten MAGs had the 
genes to reduce nitrite to nitric oxide, suggesting NO as a potential cell-cell signalling 
molecule. Several MAGs contained genes for other metabolisms that could further 
facilitate mutualisms with algae, including genes for sensing auxin, exporting auxin, and 
synthesizing multiple B-vitamins. Sixteen of the MAGs encode bacteriorhodopsin-like 
proteins showing widespread adaption for using light for energy. Interestingly, many 
MAGs indicative of an ability to survive low-oxygen or anoxic conditions, suggesting they 
may experience these conditions in blooms.   
5.2. Introduction 
Snow algae blooms occur on polar and alpine snows globally (Hoham and 
Remias, 2020). The colouring of the snow surface by the algae results in albedo 
reduction, warming the snow (Ganey et al., 2017; Hamilton and Havig, 2017; Lutz et al., 
2016). Snow melt expands the habitat for the microbiome and may act as a positive 
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feedback loop for global warming. In the northern hemisphere, alpine seasonal snow 
coverage has decreased by an average of 5-6 days over the last 50 years (Bormann et 
al., 2018). The earlier onset of the melt season means blooms have the potential to start 
sooner in the season and further accelerate the early melt. Losing seasonal snow packs 
would be devastating to a sixth of the world’s population that relies on them for drinking 
water, agriculture and hydroelectricity (Barnett et al., 2005). Despite research revealing 
stunning microbial diversity within snow algae blooms (Engstrom et al., 2020; Hisakawa 
et al., 2015; Lutz et al., 2014, 2015, 2016; Yakimovich et al., 2020), we know little about 
the microbial interactions and microbial metabolisms that foster and sustain these 
blooms.  
Algae export or “leak” photosynthate into their surrounding phycosphere—the 
micro-diffusive zone around a cell—thereby attracting heterotrophic bacteria (Seymour 
et al., 2017; Thomas and Duval, 1995). Some microalgae have been shown to produce 
organosulfur photosynthates, such as taurine, that act as a chemoattractant for bacteria 
(Seymour et al., 2017). In return, the bacteria can provide the alga with nutrients such as 
ammonium, bioavailable iron, vitamins, amino acids, and growth-stimulating hormones 
(Seymour et al., 2017). Bacteria are also drivers of nitrogen and sulfur cycling, with 
differing abilities to transform them depending on the forms that are available and redox 
conditions. As a result, phycospheres are a ‘hotspot’ for biogeochemical cycling, with 
increased microbial activity relative to the surrounding environment (Seymour et al., 
2017). It is likely that bacterial communities enhance the growth and survival of snow 
algae and are major participants in the nutrient cycling within blooms. 
The idea that snow algae species attract and maintain bacterial communities 
within their phycosphere was first observed by Thomas and Duval (1995). They reported 
bacterial populations that were ~33-88% larger in red snow than in white. Terashima and 
co-authors further showed that a Chloromonas spp. grew better in the presence of 
bacteria (Terashima et al., 2017).  
Most of what we know about bacteria in snow algae blooms comes from studies 
using 16S rDNA metabarcoding to approximate community taxonomy. Community 
surveys of bacteria in snow algae blooms have been reported from around the globe 
including across Iceland, Svalbard, and Greenland (Lutz et al., 2016), Antarctica (Davey 
et al., 2019), Franz Josef Land (Hisakawa et al., 2015), the Austrian Alps (Krug et al., 
165 
 
2020), the Canadian Coastal Mountains (Yakimovich et al., 2020), Mount Asahi in Japan 
(Terashima et al., 2017), and in the Pacific Northwest, USA (Hamilton and Havig, 2017). 
Commonly reported taxa from around the globe include Alphaproteobacteria such as 
Spingobacteriaceae (which has been reported to dominate some blooms in both Alpine 
and Polar systems (Krug et al., 2020; Lutz et al., 2016; Yakimovich et al., 2020), 
Sphingomonadaceae, Microbacteriaceae (Actinomycetia), various Betaproteobacteria 
including Polaromonas, as well as Bacteroidetes including Chitinophagaceae, 
Cytophagaceae, Pedobacter, and Hymenobacter.  
Krug and colleagues (2020) reported specific algal-bacterial co-occurrence 
patterns across five blooms in the Austrian Alps. However, in a similar study, we 
examined sixty-eight blooms in the Canadian Coastal Mountain Range and did not find 
any co-occurance patterns in spite of the presence of the same taxa in both studies 
(Yakimovich et al., 2020). Either there is a difference in interspecies relationships 
between the two mountain ranges, or their results were spurious due to low sample 
number.  
Elevational changes in alpine systems can result in changes in the dominant 
algae taxa found in blooms (Engstrom et al., 2020). To our surprise the bacterial 
communities did not show a corresponding change from below to above treeline 
(Yakimovich et al., 2020). Instead we identified ten bacterial families that were widely 
distributed across the 10 mountains (found in at least 75% of samples), all of which were 
from the phyla Actinobacteria, Bacteroidetes, and Proteobacteria (Yakimovich et al., 
2020). Additionally, there were seven widespread OTUs, found in more than 90% of the 
blooms. We queried the 16S rDNA metabarcoding data for correlations with snow colour 
(green, orange or red) as well as dominant algal species based on algal rbcL and 18S 
rDNA amplicon sequences but found no relationships. These data suggest a lack of 
species specific co-evolved mutualisms. However, bacteria are regarded as being 
essential for algal growth and survival (Ramanan et al., 2016; Seymour et al., 2017), and 
species-specific co-evolution is not a pre-requisite for mutualisms (Hom and Murray, 
2014). Therefore, as a step toward understanding the potential for microbial interactions 
within a bloom, we undertook a metagenomic study.  
In this report, we present the metabolic potential and genomic diversity of 
bacteria found in snow algae blooms. We used a shotgun metagenomics approach to 
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study red snow algae blooms found in the Coast Range Mountains in B.C., Canada. By 
working in the same region as our previous 16S rDNA metabarcoding surveys, we were 
able to learn about the metabolic capabilities of the widespread taxa previously reported 
(Yakimovich et al., 2020).  
After read assembly we binned contigs and reconstructed putative individual 
bacterial genomes or metagenome assembled genomes (MAGs; Chen et al., 2020). 
With the goal of gaining insights into potential mutualisms and adaptations for survival in 
this extreme environment, we surveyed the MAGs for over 200 genes used in metabolic 
pathways related to nitrogen, sulfur, iron, B-vitamins, auxin, biofilm, osmolytes and light 
sensing. As many of the MAGs were predicted to be incomplete on the basis of missing 
single copy core genes, we compared them to the published complete genome of 
Hymenobacter nivis, a bacterium isolated from red snow in Antarctica (Terashima et al., 
2019). 
5.3. Methods 
5.3.1. Sampling and DNA Extraction 
The three DNA extracts we sequenced were all from samples of red snow 
collected in the summer of 2019. Two extracts were from single sites: Brandywine 
Meadows, on Mount Brandywine, collected July 24th 2019 (BWD; 50°06'22.6"N 
123°12'10.8"W, 1591 m above sea level), and Sky Pilot Mountain, collected July 7th, 
2019 (SKY; 49°38'39.2"N 123°05'17.6"W, 1401 m above sea level). The third extract 
was an equal mix of DNA from two samples to increase concentration for library 
preparation, one from Mount Brew, collected July 31st 2019 (50°02'19.4"N 
123°11'23.0"W, 1668 m above sea level) and the other from Panorama Ridge, collected 
June 14th 2019 (49°57'52.4"N 123°01'37.1"W; 1759 m above sea level). We abbreviate 
the composite sample as BREPAN. Samples contained red biofilms growing on the 
surface of the snow, which were included during (Supplementary Figure 5. 1), but we 
avoided sampling thick biofilms that had begun to dry out near the edges of the melting 
snow pack, and sampled the red snow at least 1 m from any melted edge. For sampling, 
autoclaved 1L Nalgene bottles were filled with red snow by scooping the snow using the 
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sterile inside of the lid. Red snow was collected from both the edges and centre of red 
patches of snow taking approximately the top 5 cm of snow. 
DNA was extracted from each sample using the PowerSoil Pro DNA extraction 
kit (Qiagen), but with the following modifications to the cell lysis procedure to enrich for 
bacterial DNA and minimize algal cell lysis. Frozen samples were melted at room 
temperature and kept on ice after melting, and microbial biomass from 50 mL of snow 
melt was collected on a 0.2-micron cellulose nitrate filter (Sartorius). The filters were cut 
into 4 strips, placed into a 1.5 mL microcentrifuge tube containing 800 uL of the 
PowerSoil Pro kit’s C1 lysis buffer. The tubes containing the strips were then incubated 
in a 60°C water bath for 1 h to break down biofilms, thereby releasing larger microbial 
cells, such as fungi and algae. After incubation, the tubes were spun in a microcentrifuge 
for 10 sec to pellet intact algal and fungal cells. Visual inspection of the lysate under a 
light microscope confirmed that large numbers of algal cells remained intact, which was 
also indicated by the presence of a red pellet after centrifugation. The supernatant was 
transferred to the 2 mL bead beating tube provided in the PowerSoil Pro DNA extraction 
kit and the remaining cells, mostly bacteria, lysed for 4 min at 5000 rpm with a Precellys 
24 Tissue homogenizer (Bertin Instruments). The rest of the DNA extraction was carried 
out as per the manufacturer’s protocol.  
DNA was quantified on a Qubit (Invitrogen), and the following amounts of DNA 
were sequenced: 2.03 μg for BREPAN, 0.95 μg for BWD, and 1.52 μg for SKY. DNA 
extracts were shipped to Genewiz facilities in South Plainfield, NJ, USA on dry ice, 
where sequencing libraries were prepared using the TruSeq DNA PCR-free kit (Illumina) 
according to manufacturer’s instructions. Samples were then sequenced on two lanes of 
an Illumina HiSeq 2500 producing 150 bp pair-end reads.  
5.3.2. Data analysis 
Raw reads were filtered and trimmed using bbduk.sh in BBTools (Bushnell), 
discarding reads below a length of 80 bp (minlen=80) and trimming bases from both 
ends of reads (qtrim=rl) of low quality (trimq=12). Reads from all samples were co-
assembled into contigs using MEGAHIT (Li et al., 2015), with minimum contig length set 
to 1000 bp. Reads from individual samples were mapped onto each contig using Bowtie 
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(Langmead et al., 2009). Contigs were then passed into anvi’o v7 (Delmont and Eren, 
2018; Eren et al., 2015) using the anvi-script-reformat-fasta to create an anvi’o contig 
database for further downstream analysis. Through anvi’o, open reading frames (ORF) 
on contigs were predicted using PRODIGAL (Hyatt et al., 2010). EggNogg’s tool 
emapper.py v2.0.1b (Huerta-Cepas et al., 2017, 2019) was used to make orthologous 
gene assignments relying on several gene databases: the NCBI COG and KOG 
database (Tatusov et al., 2000), Pfams (El-Gebali et al., 2019), and KEGG (Villaveces et 
al., 2014). The same process for gene annotation was done on the genome of H. nivis, 
downloaded from NCBI (accession number: CP029145). 
For binning of contigs into MAGs, four binning programs were used. As a first 
pass, Metabat2, concoct and maxbin2 were used to generate independent lists of binned 
contigs. As the number of MAGs and contig placements between each of these 
programs differed, we passed the resulting contig bins from each of the first pass 
programs to dastool, which averages them into a final set. MAG bins were then manually 
curated using anvi-refine to minimize bin contamination. Both MAG contamination and 
completeness were calculated based on single copy gene content, as implemented by 
Anvi’o. To ensure that genes assigned to MAGs were bacterial, we checked the 
approximated taxonomy by emapper.py for each one. Gene calls binned in a MAG that 
were predicted to be eukaryote in origin were ignored in our downstream analysis. MAG 
taxonomy was approximated using THE GTDB-Tk tool (Chaumeil et al., 2020; Eddy, 
2011; Hyatt et al., 2010; Jain et al., 2018; Matsen et al., 2010; Ondov et al., 2016; Price 
et al., 2010), based on the genome taxonomy database (Parks et al., 2018, 2020). The 
resulting amino acid alignment from GTDB-Tk was then used to draw a phylogenetic 
tree by RAxML (Stamatakis, 2014). The structure of unrooted tree was used to visualize 
the GTDB-Tk taxonomic relationships using ggtree v2.2.4 (Yu et al., 2017) in R v4.0.3  
(Team and R Core Team, 2014).   
To compare gene content between MAGs, we used the gene clustering program 
within anvi’o (Delmont and Eren, 2018; Eren et al., 2015). First, the pairwise similarity 
scores between all coding amino acid sequences was calculated using blastp (Altschul 
et al., 1990), and pairs with a bit score higher than 0.5 (using the minbit heurisitic of 
Benedict et al., 2014) were used for clustering. The MCL algorithm was used to identify 
clusters in the amino acid sequences based on their similarity scores, with an mcl-
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inflation-factor of 2 (Van Dongen and Abreu-Goodger, 2012). The gene clusters were 
visualized using the anvi-display-pan program. To test the accuracy of the binning of 
contigs into MAGs, we compared taxonomy based on core marker genes from GTDB-Tk 
with MAGs clustered by gene content using a uniform manifold approximation and 
projection in R (UMAP; (Konopka, 2020; McInnes et al., 2018)). To view the MAG 
genomic diversity in 2D using a UMAP, Bray-Curtis dissimilarity scores were first 
calculated using vegan (Oksanen et al., 2017) between each MAG based on either their 
gene clusters or KEGG gene assignments (KO number). 
To examine genes present in the metagenome for particular metabolic pathways, 
KEGG numbers from annotated genes were fed into the online KEGG Reconstruct 
Pathway tool (Kanehisa and Sato, 2020). To survey MAGs for the presence of genes of 
interest, gene assignments from EggNogg were exported from anvi’o for each MAG. We 
then wrote a custom Python script (see Supplementary Data) to count the occurrence of 
the key genes (either KEGG numbers or names from orthology assignments) in each 
MAG and in the gene annotations of H. nivis. The abundance of genes across the MAGs 
was visualized using ggplots v3.3.3 in R (Team and R Core Team, 2014; Wickham, 
2016). 
5.4. Results 
The sequencing run yielded over 800 million paired-end 150 bp reads. In total 
1,378,138 contigs were co-assembled using reads from every sample via MEGAHIT, 
with an N50 of 2,479 bp, and totalling 3.2 billion bp. We found 3.5 million predicted 
ORFs across all the contigs, and of those emapper annotated 1,048,572 genes. Of 
these, 672,198 were annotated as bacterial, 370,368 as eukaryotic, 813 as archaeal and 
5,193 as viral. 
5.4.1. Metagenomic bacterial diversity 
To approximate the taxonomy of the bacterial DNA found in the metagenome we 
used single-copy core genes (SCG). The gene coding for the ribosomal S2 protein was 
the most abundant SCG gene assembled, with the greatest proportion (62/133) 
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assigned to Betaproteobacteria (Figure 5. 1). We found eighteen bacterial families 
(Table 5. 1), of which the most highly represented were: Comamonadaceae (25 
sequences), Chitinophagaceae (23 sequences), Oxalobacteraceae (19 sequences), 
Burkholderiaceae (18 sequences), Microbacteriaceae (11 sequences), and 
Sphingomonadaceae (8 sequences). S2 ribosomal sequences were found for all 
bacterial families we previously reported as widespread in the region (using 16S rDNA 
metabarcoding) except for Neisseriaceae (Yakimovich et al., 2020).  
5.4.2. Bacterial MAG Diversity 
To explore the diversity of gene content between bacterial taxa within the 
metagenome we binned contigs into metagenomically assembled genomes (MAGs). 
Dastool produced a final set of 54 MAGs representing 5% of the total nucleotides in all 
contigs. Of the 54 MAGs, 29 were at least 50% complete with less than 15% 
contamination (Supplementary Table 5. 2). We assigned labels snow1 to snow29 to the 
MAGs, in order of descending completeness.  
Taxonomic assignments for each of the 29 most complete MAGs were obtained 
by comparison with the Genome Taxonomy DataBase (GTDB). The final multiple 
alignment of marker genes created by GTDB-Tk consisted of 5,040 amino acids which 
were used to approximate MAG taxonomy. One MAG, snow15, was excluded from 
further analysis because it was identified as archaeal by GTDB-Tk, but also contains 
several bacterial and eukaryotic ribosomal protein sequences. The remaining 28 
bacterial MAGs were retained for further analysis.  
The 5,040 amino acid alignment was used to construct a maximum likelihood 
tree using RAxML, mapping the predicted taxonomy onto an un-rooted phylogram 
(Figure 5. 2). All twenty-eight MAGs fell within the same five bacterial classes as the S2 
ribosomal protein sequences. The lowest taxonomic rank any MAG was assigned to was 
genus, with 18 MAGs assigned a generic name. Twenty-five of the MAGs were assigned 
to a family with two MAGs, snow28 and snow17 being identified to order, and snow21 to 
class. The MAGs were mostly Betaproteobacterian—like the S2-protein data—including 
several closely related MAGs. For example, within the Betaproteobacterian family 
Comamonadaceae, we identified three Polaromonas MAGs and one Rhodoferax. There 
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were also three closely related Oxalobacteraceae MAGs, snow29, snow22, and snow2, 
each assigned to a different genus (Figure 5. 2). Within Actinomycetia, we found three 
closely related Microbacteriaceae MAGs; within Bacteroidia, two groups of closely 
related MAGs, representing Chitinophagaceae and Hymenobacter (Figure 5. 2). 
Alphaproteobacteria was represented by four MAGs, all of separate familial lineages. In 
total we found MAGs representing seven out of the ten widespread bacterial families we 
previously reported, but found no MAGs  from Acetobacteraceae, Neisseriaceae, and 
Pseudomonadaceae (Figure 5. 2; Yakimovich et al., 2020). We also found two MAGs in 
the same genera as two widespread OTUs we previously reported: Herminiimonas and 
Novosphingobium (Yakimovich et al., 2020). 
With the taxonomy of the MAGs established, we next examined the global 
differences in gene content between them using two approaches: KEGG gene 
assignments (KO numbers) and gene clusters (GC) across all MAGs. We used the gene 
clusters made through Anvi’o, which represent groups of genes from across all MAGs 
that are highly similar in sequence relative to each other. We determined the 
presence/absence of all GCs that appeared in at least two MAGs and obtained a total of 
10,316 GCs (Figure 5. 3). Figure 5. 3 shows that some GCs are common to all MAGs 
(likely SCGs) whereas some large clusters are unique to specific taxa (Figure 5. 3). In 
contrast to the GCs in Figure 5. 3, a total of 49,047 GCs occurred only in a single MAG 
suggesting over 80% of the GCs were unique to specific MAGs—however this does not 
account for incompleteness of the MAGs.    
To compare MAG gene content across taxa, and test if gene content 
recapitulates the assigned taxonomy, we visualized the 8,363 KEGG gene assignments 
and all 59,363 GCs across each MAG using a UMAP (Figure 5. 4). We found that the 
data was structured such that the MAGs clustered according to Phyla and Class, 
whether based on assigned KO’s (Figure 5. 4A), or GCs (Figure 5. 4B). The three 
classes of Proteobacteria showed a tendency to cluster together when looking at GCs 
and were more similar to each other than they were to either Actinomycetia or 
Bacteroidia (Figure 5. 4B). When visualizing MAGs by family, we included only families 
with at least two assigned MAGs. The data structure of the KO gene content (Figure 5. 
4C) and GCs (Figure 5. 4D) resulted in the clustering of MAGs of the same family. The 
Actinomycetia MAGs in the family Microbacteriaceae formed their own clusters separate 
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from any other families when looking at both KO’s and GC’s (Figure 5.s 4C & 4D). This 
pattern persisted with families from the other classes as well: the Bacteroidetes families 
Hymenobacteriacea and Chitinophagaceae clustered together, as did the 
Betaproteobacterian families Burkholderiaceae, Comamonadaceae, and 
Oxalobacteriaceae (Figure 5.s 4C & 4D). Taken together, these data demonstrate that 
MAG gene content recapitulates taxonomy of SCGs and support the accuracy of our 
binning methods.  
5.4.3. MAG metabolic functions  
To assess the metabolic potential of the MAGs we first looked at which metabolic 
pathways were complete within the metagenome. Using a compiled list of KEGG 
numbers and keywords corresponding to genes of interest, we surveyed the MAGs for 
genes related to core metabolisms of nitrogen and sulfur, and iron scavenging and 
acquisition. We also searched for genes involved in B-vitamin synthesis, phytohormone 
synthesis (auxin and salicylic acid), and adaptations to cold and high light. Because the 
original metagenome includes annotated genes from all organisms and viruses, we 
focussed our study on the subset annotated by emapper.py as bacterial, hereafter 
referred to as the bacterial metagenome.  
The process of assimilatory nitrate reduction (ANR) is used for the incorporation 
of inorganic nitrogen into amino acids and other biomolecules (Tiedje et al., 1981). In the 
metagenome we found several different genes related to ANR (Figure 5. 5). Two 
different nitrate reductases (NaRs), nasAB, a heterodimer, and narB, a monomer (Figure 
5. 5 & 6), with narB being the most common NaR in the MAGs (Figure 5. 6). nasB is a 
structural gene that can be co-transcribed with the nitrate reductase nasA (Moreno-
Vivián et al., 1999); however, in the MAGs they are not always found together. Instead 
each MAG with nasA also has narB, but not nasB. In these cases nasA could be 
facilitating nitrate/nitrite transport (Figure 5. 5; Moreno-Vivián et al., 1999). Having both 
narB and nasA for nitrate reduction seems to be a popular strategy in the bacterial 
metagenome as well, with 193 and 206 copies recovered respectively, compared to only 
14 copies of nasB. One MAG, snow8, contains the NaR napA, which only occurs twice 
in the bacterial metagenome (Figure 5. 6).  
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The second step in nitrate assimilation is the reduction of nitrite to ammonia. 
Twenty-two MAGs contain an oxygen-inhibited nitrite reductase, either nirBD or nirB  
(Moreno-Vivián et al., 1999). Fifteen of these MAGs also contain nirA, which is not 
inhibited by oxygen (Figure 5. 5). NiRs were much more widely distributed in general 
than NaRs, with a total of 23 MAGs containing at least one NiR, versus 15 that have at 
least one NaR (Figure 5. 5 & 6). The bacterial metagenome reflected the patterns of NiR 
types found in the MAGs, with 330 copies of nirA, 531 copies of nirB and 115 of nirD. In 
total the bacterial metagenome has 2.7x more copies of NiR genes than NaR genes, 
with 425 NaR genes (nasA, nasB, narB, and napA) and 1135 NiR genes (nirA, nirB, 
nirD, nirK, and nirS). Although, named for being involved in DNR some enzymes 
reported above can be used in ANR, including the NaR napA and the NiRs nirBD. Both 
napA and nirBD are sensitive to oxygen, and typically operate in low oxygen or anoxic 
environments (Moreno-Vivián et al., 1999). These data suggest that the bacterial 
community is adapted to continue ANR in low oxygen conditions.  
All but seven MAGs have genes related to glutamate synthesis (Figure 5. 5), 
which is needed for the final step of ANR where ammonia and glutamate are used to 
synthesize glutamine (Figure 5. 5 & 6). And all but three MAGs contain at least one gene 
coding for the energy dependent glutamine synthetase. In contrast, no MAGs have the 
gene coding for the single-step energy-independent NADP-dependent glutamate 
dehydrogenase, which relies on high ammonium concentrations to operate (Figure 5. 5).  
We found genes used to reduce nitrite to nitric oxide, indicative of nitric oxide 
signalling pathways or high nitrite levels requiring denitrification (Moreno-Vivián et al., 
1999). Both denitrification and the reduction of nitrite to nitric oxide are a part of the DNR 
pathway, which is generally found in low oxygen or anaerobic conditions (Tiedje et al., 
1981). While we found genes needed for complete denitrification in the metagenome, 
only incomplete pathways were found in the MAGs. Ten MAGs contain the NiRs nirK, 
and snow5 also contains nirS (Figure 5. 5), both of which reduces nitrite into nitric oxide 
(Figure 5. 6). However, only snow24 has a nitric oxide reductase gene, norC, making it a 
relatively rare nitrogen cycling gene within our set of MAGs (Figure 5. 5 & 6). In total 11 
MAGs contain at least one of nirK, nirS or norC genes (Figure 5. 5). Compared to 115 
copies of nirK, the genes for the subsequent steps of denitrification are rare within the 
bacterial metagenome, with 30 copies of norC, 9 of norB and 5 of nosZ (Figure 5. 6).  
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There were some genes related to nitrogen fixation and nitrite oxidation within 
the metagenome, but neither of these pathways were complete in any single MAG 
(Figure 5. 5). Both nifK and nifH are used in nitrogen fixation and were the only two 
genes from that pathway found in the metagenome and were rare with one and two 
copies respectively (out of 672,198 bacterial genes). Two genes in the nitrification 
pathway used for nitrite oxidation were found in the bacterial metagenome. However, 
both nitrite oxidoreductase genes, nxrA and nxrB, are few in copy number with eleven 
and four copies respectively.  
The metagenome includes genes related to several pathways for acquisition of 
sulfur (Figure 5. 7 & 8). Most common across the MAGs were genes related to 
assimilatory sulfate reduction (ASR; Figure 5. 7 & 8). Of the several different ASR 
enzyme encoding genes (Figure 5. 8), the most abundant are the cysND genes that 
code for an enzyme which catalyzes the first step (the activation of sulfate) of ASR 
(Figure 5. 8). Nine MAGs with cysND also encode cysNC, a bifunctional enzyme 
heterodimer, which catalyzes the reaction of sulfate directly to 3`-phosphoadenosine-5`-
phosphosulfate (PAPS), bypassing an otherwise two-step process (Figure 5. 8). A total 
of fourteen MAGs contains the necessary genes to complete ASR independently, and 
another ten that contain partially complete pathways (Figure 5. 7).  
We found genes for sulfur oxidation (SOX), which provides reductant for electron 
transport chains and/or carbon fixation (Grabarczyk and Berks, 2017). Snow22 is the 
only MAG that has the requisite genes to independently complete SOX, but nine others 
have at least one gene in the pathway (Figure 5. 7 & 8). Snow20 is the only MAG that 
contains a SOX gene but no ASR genes, albeit only soxA. Based on snow20’s SCGs, it 
is estimated to be only 73% complete, therefore ASR or more SOX genes could be 
missing in our assembly. ASR genes were found in MAGs from all the five bacterial 
classes, but SOX genes were only in MAGs from Bacteroidia and Betaproteobacteria.  
Organosulfur molecules can serve as alternative sulfur and carbon sources for 
bacteria in algal blooms (Seymour et al., 2017). Genes related to the transport and 
metabolism of two types of organosulfur molecules, sulfonates and taurine, were found 
across all five detected bacterial classes (Figure 5. 7 & 8). Ten MAGs had at least one of 
the three genes (ssuABC) coding for the sulfonate ABC transporter, and 13 had at least 
one of the genes used for sulfonate assimilation, ssuE or ssuD (Figure 5. 7). Most MAGs 
175 
 
that contained genes related to sulfonate metabolism also had those related to taurine 
metabolism, the only exception was snow29 (snow 29 is only 52% complete). In 
contrast, snow7 and snow27 contained genes for taurine but not sulfonate metabolism 
(94% and 55% complete respectively). Eight MAGs, including snow7 and snow27, have 
at least one of the three genes (tauABC) coding for the taurine ABC transporter. Of the 
eight MAGs that contain tauABC, five also have the gene used for taurine assimilation, 
tauD (Figure 5. 7). In addition, two other MAGs contained tauD only, snow10 (93% 
complete) and snow23 (65% complete). In total, 18 MAGs have at least one gene 
related to organosulfur metabolism.  
The metagenome contains several genes related to siderophore biosynthesis 
and transport, including an export system and iron complex importer (Figure 5. 8). In 
total the bacterial metagenome contains only 36 copies of a siderophore export system 
protein (K06160/COG4615) in contrast to 2836 copies of an iron complex outer 
membrane receptor (K02014; used for the uptake of iron-siderophore complexes). The 
metagenome contained few siderophore biosynthesis genes, and only three MAGs 
contained at least one (Figure 5. 8). The same iron complex outer membrane receptor 
found in the bacterial metagenome was the most abundant iron acquisition related gene 
found in the MAGs (found in 20 of 28; Figure 5. 8). The few siderophore biosynthesis 
genes found in the MAGs could all contribute to the synthesis of the high affinity 
siderophore enterobactin (Carrano and Raymond, 1979; Raymond et al., 2003)  
5.4.4. Secondary metabolites  
Metabolites of interest were those produced by bacteria that could positively 
influence algal growth, including indole-3-Acetic Acid (IAA, the most common auxin). IAA 
has been shown to upregulate genes related to photosynthesis in algae, and increase 
growth and cell division rates when provided exogenously by bacteria (Amin et al., 
2015). Bacteria also use auxins for signalling one another (Bianco et al., 2006), and 
every Bacteroidian MAG contains at least one auxin-responsive transcription factor 
(Figure 5. 10). There are also eight MAGs with auxin efflux carrier proteins, with one 
each from Actinomycetia, Alphaproteobacteria, Bacteroidia, and five from 
Betaproteobacteria (Figure 5. 10). Across the metagenome we found genes used in six 
different IAA biosynthesis pathways (based on pathways presented in (Zhang et al., 
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2019) and from the tryptophan metabolism map on KEGG; Figure 5. 11). It should be 
noted the encoded proteins function in multiple pathways, so their presence is not 
necessarily indicative of the synthesis of any specific auxin (Figure 5. 11). Snow2 is the 
only MAG to have all three genes required for the tryptamine pathway to IAA (Fig 11). 
Interestingly, although snow2 is estimated to be 99% complete, it does not contain either 
an auxin-responsive transcription factor or an auxin efflux carrier (Figure 5. 10). This 
could indicate that snow2 has a different IAA export pathway, or it uses IAA and other 
auxins for internal regulation of, for example, stress responses, like EPS and trehalose 
synthesis (Bianco et al., 2006). Despite their presence in the metagenome, no single 
MAG contains all the genes for the indole-3-pyruvate pathway or the tryptophan side 
chain oxidase pathway. The other three biosynthetic pathways were all incomplete within 
the metagenome, lacking the necessary genes for the enzymes that catalyze the 
reaction from tryptophan to indole-3-acetonitrile (ICN pathway) or indole-3-acetamide 
(ICA pathway; Figure 5. 11). However, snow12 has the gene necessary for the nitrile 
hydratase shunt to the ICA pathway, as well as an amidase that could catalyze the final 
step in that pathway (Figure 5.s 10 and 11).  
Interestingly, there are some bacterial genes related to salicylic acid (SA) 
metabolism in the metagenome and in the MAGs. While not well understood in bacterial-
algal symbiosis, SA stimulates microalgal cell division or stress responses when 
supplied exogenously (Czerpak et al., 2002; Hu et al., 2021; Lefevere et al., 2020). SA 
can also inhibit the growth of some bacteria (Bandara et al., 2006). Conversely, some 
bacterial pathogens of plants synthesize SA to modulate host defences, allowing cellular 
invasion (Tanaka et al., 2015). While it is unclear what role SA could be playing, if any, 
in the snow algae microbiome, we wanted to know how widespread these genes are 
within the bacterial metagenome and MAGs. We found 6 copies of isochroismate 
synthase and 53 of isochorismate pyruvate lyase, the two enzymes needed for the 
synthesis of SA (Figure 5. 10). Both genes were found in two MAGs, snow1 and snow5 
(Figure 5. 10). Intriguingly, there were far more genes in the bacterial metagenome 
related to SA degradation than its synthesis, with 36 copies of nagG, 33 of nagH and 71 
of salicylate hydroxylase. Eight MAGs contained the genes for at least one enzyme 
needed to initiate SA degradation (Figure 5. 10). These data suggest that only a handful 
of bacteria in snow algae microbiomes can participate in SA metabolism.  
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Required for both bacterial and algal growth are B-vitamins, with many algal 
species unable to synthesize their own (Croft et al., 2006). Genes related to the 
biosynthesis of the B-vitamins, biotin (B7), cobalamin (B12) and thiamine (B1) were found 
widely distributed across the five classes of bacteria (Figure 5. 12). A total of 23 MAGs 
contain at least one gene used for biotin synthesis (Figure 5. 12), of those however, 
eight have only one gene. Among these eight was snow1, predicted to be 100% 
complete. In total fifteen MAGs have at least one gene specific to aerobic cobalamin 
biosynthesis, and seventeen contain at least one gene related to its anaerobic 
biosynthesis, with fifteen having both. The most widely found gene related to anaerobic 
cobalamin synthesis found in seventeen MAGs was cbiX. Despite most MAGs having 
incomplete sets of genes for cobalamin synthesis, the presence of at least one gene 
suggests these species participate in cobalamin synthesis (Figure 5. 12). Seventeen of 
the MAGs contain the B12-dependent version of methionine synthase (metH), and of 
those, eight also have the B12-independent methionine synthase gene (metE; Figure 5. 
12). Four MAGs contain just metE. The metagenome contains genes for two different 
thiamine synthesis pathways; however, the genes for thiamine biosynthesis are scarce 
in the MAGs. Only snow5 and snow18 contain a gene specific to thiamine 
biosynthesis—a thiamine pyrophosphokinase (THI80; Figure 5. 12). In contrast, at least 
one gene related to the thiamine salvage pathway is in twenty of the MAGs (Figure 5. 
12).  
To examine cold adaptation, we looked for genes related to the production of 
carotenoids, trehalose, and mannitol (Figure 5. 13). Carotenoid pigments can be used by 
bacteria to modulate membrane fluidity during temperature fluctuations (De Maayer et 
al., 2014) and 20 of our MAGs have at least one gene related to their synthesis (Figure 
5. 13). Three MAGs, snow1, 5 and 20—all in Cytophagales, contain the two genes, crtZ 
and crtW, which code for enzymes in the pathway from β-carotene to astaxanthin (the 
same red pigment produced by many snow algae; Figure 5. 13; Zhang et al., 2020). Five 
additional MAGs only possess crtZ, which converts β-carotene into β-cryptoxanthin or 
zeaxanthin (Figure 5. 13; Zhang et al., 2020). Both Gammaproteobacterian MAGs lack 
any carotenoid metabolisms genes, with snow7 and snow13 predicted to be 94% and 
85% complete, respectively. The other six MAGs without carotenoid genes are less 
complete than snow7 (Table 5. S1).  
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We found genes related to the metabolisms of sugars that act as osmolytes, 
energy storage and cryoprotectants (De Maayer et al., 2014). The gene that encodes a 
transglycosylase enzyme which regulates cellular mannitol levels, mltD, is present in 13 
MAGs appearing in all classes but gammaproteobacteria (Figure 5. 13). As trehalose 
and glycogen synthesis are tightly linked we looked for genes related to their synthesis 
and introversion (Figure 5. 14; Chandra et al., 2011). In total, sixteen MAGs contain the 
gene encoding the 1,4-alpha-glucan branching enzyme (glgB) that synthesises 
glycogen. Twelve MAGs possess at least one of treX-treY-treZ, which code for enzymes 
that catalyze the conversion of glycogen to trehalose (Figure 5. 13 & 14). Of those 
twelve, three possess only the treX gene, which can also convert glucose-1-P into 
maltotetraose. Maltotetraose can be converted into glucose by MalZ, which is encoded 
in 14 MAGs (Figure 5. 14). Other pathways for the synthesis of trehalose includes the 
conversion of glucose-1-P and glucose 6-P by GalU and OtsA-OtsB, or maltose using 
TreS (Figure 5. 14). Eight MAGs contain at least one of the genes otsA or otsB, and of 
those all but one also has galU. Ten MAGs have treS, allowing for direct conversion of 
maltose to trehalose. Six others contain the genes pep2, glgE, and glgB that code for 
enzymes that catalyze the conversion of maltose into glucan, and then into glycogen 
(Figure 5. 14). The Actinomycetia MAGs (snow4, 10, 14, 17 and 19 ;97, 93, 80, 76 and 
73% complete respectively) have the most complete sets of genes related to the 
interconversion between glycogen, trehalose and their intermediates (Figure 5. 13). In 
contrast, the MAGs from other classes contain partial sets of genes, allowing for 
conversion between certain intermediates (Figure 5. 13 & 14).  
The metagenome contains genes related to different bacterial autotrophic 
strategies, including the reverse TCA cycle and the Calvin–Benson–Bassham cycle 
(CBB). We surveyed the MAGs for two genes specific to bacterial carbon fixation: rbcL 
and phosphoribulokinase. We found that both snow22 and snow29 encode both of these 
carbon fixation genes (Figure 5. 15; Dijkhuizen and Harder, 1984). Additionally, snow24 
encodes phosphoribulokinase (Figure 5. 15). These data suggest that snow22 
(Herminiimonas sp.), snow24 (Xylophilus sp.) and snow29 (Janthinobacterium sp.) are 
capable of autotrophy.  
The metagenome also contains genes coding for light sensitive proteins. 
Eighteen MAGs encoded bacteriorhodopsin-like proton pumps (Figure 5. 15). 
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Bacteriorhodoposins typically also require a retinal-based photoreceptor. All but two 
MAGs (snow10 and snow12) that have bacteriorhodopsins also have the blh gene 
necessary for retinal synthesis (Terashima et al., 2019); Figure 5. 15). In seven of these 
MAGs, the bacteriorhodopsin and blh genes were on the same contig in close proximity 
(snow2,3,5,6,16,17, and 26). In the case of snow10, directly downstream from its 
bacteriorhodopsin gene we found a gene annotated as a “carotenoid cleavage 
dioxygenase or a related enzyme COG3670” and “Retinal epithelial membrane protein 
PF03055.15”. This downstream gene may serve in retinal synthesis in lieu of blh. In the 
case of snow12, the contig carrying bacteriorhodopsin was only 1216 nucleotides long, 
with just one other gene, a ribose permease protein (rbsC). Therefore, if the bacterium 
represented by snow12 does have a gene used in retinal synthesis as part of an operon 
with bacteriorhodopsin, it likely was not assembled here.   
Interestingly, MAGs (including snow1 which is estimated to be 100% complete) 
that do not contain genes related to carbon fixation have genes related to photosystem II 
(PSII) assembly and the cytochrome b6f complex (used for electron transfer during 
photosynthesis; Figure 5. 15). Two MAGs contain a PSII antennae assembly protein 
gene, cpcG. psbV, a cytochrome involved in the oxygen-evolving complex of PSII was 
found in six MAGs. There were also eleven MAGs with a gene annotated as a 
photosystem II assembly factor, although its true function is unknown given the lack of 
complete photosystem II genes in the MAGs and the bacterial metagenome. There are 
also genes coding for subunits of the cytochrome b6f complex in all but six MAGs, 
although none of them contain the genes for the whole complex (Figure 5. 15). Although 
there are examples of bacteria coupling the capture of light energy to metabolic 
processes, we did not find a reference to find any description of the use of these 
particular genes related to PSII by these taxa. 
Genes related to anaerobic or low-oxygen metabolisms were common in the 
MAGs, in particular DNR genes and anaerobic cobalamin synthesis genes. Therefore, 
we surveyed the MAGs for high-affinity terminal oxidases (HATO) used by 
microaerophilic bacteria to compete for oxygen when it is scarce (Morris and Schmidt, 
2013). We found two types of HATOs in the MAGs, cytochrome cbb3 oxidase (cbb3-
type) and cytochrome bd oxidase (bd-type; Figure 5. 15). The cbb3-type was the most 
common and was present in 25 MAGs, the MAGs that lacked a cbb3-type also lacked a 
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bd-type (Figure 5. 15). The MAGs that lacked a HATO were snow9, snow13 and snow28 
which are 93%, 85% and 53% complete respectively.  
5.4.5. Comparison with the Hymenobacter nivis genome 
To contrast the sets of genes and completeness of pathways found in our MAGs 
we looked for the same sets of genes in the published genome of the heterotrophic 
bacteria from Antarctica, H. nivis (Terashima et al., 2019). In terms of nitrate reduction, 
like many of the MAGs, H. nivis does not possess a NaR, but does have two NiRs, nirA 
and nirB (Figure 5. 5). Thus, the genome of H. nivis reflects a general pattern seen in 
several MAGs and the bacterial metagenome, having the genes to reduce nitrite in oxic 
or anoxic conditions. H. nivis has two genes coding for sulfite reductases, cysI and sir, 
but none for processing sulfate directly. Another potential sulfur source for H. nivis is 
from uptake of sulfonates, as it has the genes for a sulfonate ABC-transporter, ssuABC. 
H. nivis however lacked the genes ssuDE, so it is unclear how it metabolically utilizes 
imported sulfonates. H. nivis also has only partial genes for SOX, only containing soxA. 
SoxA typically forms a cytochrome complex with soxX to pull to electrons from the 
sulfane atom of thiosulfate (Berben et al., 2019; Grabarczyk and Berks, 2017; 
Mukhopadhyaya et al., 2000).  
As with many MAGs, H. nivis encodes incomplete biosynthesis pathways. The H. 
nivis genome does not contain siderophore biosynthesis genes that we could find. It 
does however contain the same iron complex outer membrane receptor as the MAGs 
(Figure 5. 9). While H. nivis has the same auxin-responsive transcription factor gene as 
the MAGs it lacks any complete synthesis pathway or an auxin efflux gene (Figure 5. 
10). The genome for H. nivis contains the B12 dependent methionine synthase, metH, as 
well as the genes necessary for the anaerobic synthesis of B12 (cobalamin; Figure 5. 10). 
Interestingly, H. nivis has only one gene related to biotin synthesis, bioF, and thus not a 
complete pathway. The genome of H. nivis also lacks biotin ABC-transporter genes, so it 
is not clear how it obtains biotin.  
As previously reported, the genome of H. nivis contains genes related to 
carotenoid pigment synthesis and light sensing proteins including photolyases, 
bacteriorhodopsins and cryptochromes. Here, we further the list by identifying the 
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presence of the genes crtZ and crtW used for carotenoid synthesis. As well as genes 
used for glycogen and trehalose synthesis, and PSII gene, psbV (Figure 5.s 13, 14 and 
15). The genome of H. nivis also contains two genes coding for subunits of the 
cytochrome b6f complex, petA and petC. We didn’t find any genes annotated with the 
KEGG cryptochrome, K02295, nor did emapper make any orthologous cryptochrome 
gene assignments. It therefore it seems that the cryptochromes annotated by Terashima 
et al. (2019) using RAST were not likewise annotated here by emapper. Taken together, 
the gene annotations from the genome of H. nivis display similar incompleteness of 
many metabolic pathways found in our MAGs.  
5.5. Discussion 
The bacterial diversity at the class level, determined by analysis of SCGs from 
3.17 Gbs of assembled contigs, reflected our previous 16S rDNA barcoding study in the 
same geographical region (Yakimovich et al., 2020). All but one of the widely distributed 
bacterial families reported in that that study was also represented here in our ribosomal 
S2 data set. There were, however, differences in relative abundances. 
Sphingobacteriaceae had only four sequences (out of 133 or 3% relative abundance) 
coding for ribosomal S2 proteins in the assembled metagenome, making it relatively 
rare. Similarly, there is only one MAG in the top 28 (4% relative abundance) that was 
assigned to Sphingobacteriaceae (snow18 identified as a Pedobacter; Figure 5. 2). In 
contrast, in the metabarcoding study Sphingobacteriaceae was found at every site and 
comprised  2-59% of the reads, with an average of 24% SE ±1.8% (Yakimovich et al., 
2020). Sphingobacteriaceae has also been reported to have relatively large populations 
in red blooms around the globe, including in the Arctic (Lutz et al., 2016), Alps (Krug et 
al., 2020), and Pacific Northwest (Hamilton and Havig, 2017). The below average (for 
the region) abundance of Sphingobacteriaceae in our current report could be because all 
four sites we sampled had relatively small populations; alternatively, it could be due to 
PCR bias resulting from the amplification of 16S rDNA used in metabarcoding.  
Our set of MAGs mostly consisted of representatives from the widespread 
families that we found in the region via 16S metabarcoding (Yakimovich et al., 2020). 
MAGs that were not of a widespread family but were still found in the 16S 
metabarcoding libraries of some blooms included: snow3 (Methylophilaceae), snow7 
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(Moraxellaceae), snow9 (Rickettsiaceae), snow10 (Nakamurella), and snow13 
(Buchnera). One MAG was of a family not previously reported in the region snow25 
(Midichloriaceae), and several MAGs were unidentifiable at the family level including: 
snow17 (Mycobacteriales), snow21 (Bacteroidia), and snow28 (Holosporales).  
Unfortunately, direct comparison of 16S rDNA sequences between our previous 
metabarcoding study (Yakimovich et al., 2020) and our MAGs here is not possible. 
Generally, there is a difference in tetranucleotide frequency between rDNA when 
compared to the rest of the genome (Noble et al., 1998), and so they don’t get binned 
into MAGs. However, since we show here that the clustering of MAGs by GCs and 
KEGG gene assignments recapitulates taxonomy (Figure 5. 4), we hypothesize that the 
metabolic potential encoded by our set of MAGs represents the potential of their 
taxonomic counterparts in blooms across the region. A caveat is that this hypothesis 
does not take into account differences in the microenvironment—physicochemical 
factors and algal species composition---of individual blooms. These factors could 
influence bacterial community dynamics, including the presence of non-widespread taxa 
and the regulation of metabolic pathways.  
We found that similar to many MAGs in this study, H. nivis apparently carries 
incomplete sets of genes for some metabolic pathways, including ANR, ASR, SOX, and 
B-vitamin biosynthesis, suggesting a widespread bacterial dependence on metabolic 
cooperation. For example, H. nivis encodes the enzymes required for synthesis of 
cobalamin and thiamine, but not biotin. Similarly, snow4 (Microbacteriaceae; 97% 
complete) likely requires cobalamin (it lacks metH) yet only carries a partial set of genes 
related to cobalamin synthesis and none of the genes for biotin synthesis (Figure 5. 12). 
In spite of the lack of species-specific co-occurance patterns (Yakimovich et al., 2020), 
these data support the idea of widespread interdependence for synthesis of vitamins and 
core metabolisms in the snow algae microbiome.  
The genes related to nitrogen cycling in the MAGs suggest all the MAGs acquire 
nitrogen from environmental sources, without relying on nitrogen fixation. These data 
support the results from a study done in blooms across the Arctic that found δ15N values 
indicative of atmospheric deposition of aerosolized inorganic nitrogen (dry) onto the 
snow or wet deposition (i.e. trapped in falling snow; Lutz et al., 2016), rather than N2 
being fixed by microbes. Another study done on white Arctic snowpacks found that the 
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wet and dry deposition of ammonium, nitrate and nitrite were the main sources of 
nitrogen for microbes on the surface. As in the present study, nitrogen fixation genes, 
some genes related to ammonium assimilation, and ammonification (converting reduced 
organic nitrogen to ammonium; Larose et al., 2013) were at low abundance in the Arctic 
snow algae microbiomes (Lutz et al., 2016).  
Interestingly, there are ten MAGs that possessed NiRs known to produce nitric 
oxide (Figure 5.s 5 & 6). But those same MAGs lacked the genes for completing 
denitrification to produce nitrogen gas; which, is unsurprising as we wouldn’t expect to 
find the strict anaerobes capable of complete denitrification on the snow surface. It is 
possible that nitric oxide is being produced to get rid of excess nitrite, which could be 
toxic. However, this seems unlikely due to the microbiome’s probable reliance on 
atmospheric deposition of nitrogen. Alternatively, these NiRs could be used to produce 
nitric oxide for cell-cell signalling. It has been noted in bacterial-plant symbioses that 
bacteria can produce nitric oxide using the nitrate assimilatory pathway (Ruiz et al., 
2019), however the role of NO in mediating plant-bacteria or alga-bacteria symbioses is 
not known (Ruiz et al., 2019).  
Despite the lack of data nitric oxide signalling in snow alga-bacterial mutualisms, 
past work has highlighted the importance of nitric oxide as a signalling molecule in plants 
and algae, and as a regulator of nitrate metabolism (Sanz-Luque et al., 2015a). In C. 
reinhardtii nitric oxide was shown to repress transcription of NaRs (de Montaigu et al., 
2010) and inhibit NaR activity (Sanz-Luque et al., 2015b). Further, exogenous nitric 
oxide can increase resistance of Chlorella vulgaris (a single-celled chlorophyte algae) to 
herbicides (Qian et al., 2009). In response to low levels of nitric oxide, C. vulgaris 
increases expression of photosynthesis genes (psbC, psaB chlB and rbcL) and 
antioxidant genes (superoxide dismutase, peroxidase and catalase) and increases 
chlorophyll content (Qian et al., 2009). It is plausible that certain snow bacteria produce 
nitric oxide to regulate algal cellular function. The bacteria able to produce nitric oxide 
could increase the photosynthetic rate of the algae, while simultaneously stimulating 
algal production of antioxidant enzymes. Further, the nitric oxide could affect the 
regulation the algae’s expression of enzymes used for uptake and reduction of nitrate 
and nitrite, perhaps furthering their reliance on symbiosis with bacteria.  
184 
 
Organosulfur molecules may also be included in the bacterial-algal exchange of 
nutrients (Seymour et al., 2017). In our study, in addition to genes related to ASR, we 
found bacterial genes related to the sulfonate and taurine metabolism in some MAGs 
and the genome of H. nivis (Figure 5. 7). Taurine itself is rapidly diffusing and highly 
soluble resulting in it being called a “broadcast molecule”, attracting bacteria to the 
phycosphere (Seymour et al., 2017). Addition to providing S, taurine is used as an algal 
and protist osmolyte (Clifford et al., 2019) and has been proposed as a important source 
of carbon (contributing 16-21% of prokaryote carbon biomass) and energy for 
prokaryotes found in the North Atlantic Ocean (Clifford et al., 2019). Similarly, sulfonates 
are an important chemical “currency” used by phytoplankton in the surface waters of the 
North Pacific Subtropical Gyre to sustain tightly linked microbial networks involving 
heterotrophic bacteria (Durham et al., 2019). Our data indicate that organosulfur 
molecules such as taurine and sulfonates may be important for some of the bacteria 
living in snow algae blooms.  
Iron scavenging by fungi and bacteria is primarily mediated by the biosynthesis of 
siderophores (Seymour et al., 2017). We found genes related to siderophore 
biosynthesis in the metagenome, but these were detected in only three MAGs. The only 
genes related to the biosynthesis of a specific siderophore were for enterochelin (Figure 
5. 6); however, the fep gene encoding the enterochelin-iron transporter was absent from 
the metagenome. It has been noted that operons containing genes related to iron 
acquisition can be located on mobile genetic elements (Levesque et al., 2019) which are 
known to be poorly binned into MAGs (Maguire et al., 2020). However, in our study, we 
seemed to have poor sequencing and/or assembly of these genes in general, having 
only detected incomplete pathways in the broader metagenome (including looking at 
eukaryote gene calls). It is possible that our DNA extraction methods were not effective 
in isolating and lysing the microbes that have siderophore biosynthesis genes, which 
could include fungal cells that were pelleted out with the algae during sample 
preparation.  
Bacteria have been noted to biosynthesize plant hormones to facilitate mutualism 
with plants and algae (Duca et al., 2014; Seymour et al., 2017; Zhang et al., 2019). In 
the snow algae microbiome, we found bacterial genes related to the synthesis and 
transport of auxins (like IAA), as well as SA. Of particular interest were genes related to 
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the export and detection of auxins by bacteria (Figure 5. 10). In addition to promoting 
algal growth, IAA and other auxins can affect bacterial gene expression. In E. coli, cells 
treated with IAA alter expression of 16 genes, which leads to an increase production of 
trehalose, extracellular polysaccharide and biofilm (Bianco et al., 2006). Therefore, the 
presence of auxin-related genes does not necessarily mean the bacteria are using them 
to mediate mutualisms with algae.  
We also found bacterial biosynthetic genes for SA, another algal growth-
promoting hormone (Czerpak et al., 2002; Lefevere et al., 2020). SA is best known for 
being involved in plant-host defense against pathogen infections (Lefevere et al., 2020). 
However, exogenous additions promote cellular growth in C. vulgaris (Czerpak et al., 
2002). In the current study we found two MAGs, snow1 and snow5, with the genes 
needed to synthesize SA (Figure 5. 10). More taxonomically widespread were the genes 
needed for SA degradation, which were found in MAGs from Actinomycetia and 
Betaproteobacteria (Figure 5. 10). While the exact biochemical mechanisms are unclear, 
it is possible that some bacteria in snow algae blooms help regulate algal pathogen 
defences and algal growth through SA.  
Many algae cannot synthesize essential vitamins. In a survey of 306 algal 
species spanning seven Phyla, 236 species were auxotrophic for at least one B-vitamin, 
with 51% requiring cobalamin, 22% thiamine, and 5% biotin (Croft et al., 2006). Biotin, 
cobalamin and thiamine are also vital for bacterial metabolism, and therefore we would 
expect genes for biosynthesis to be present in the community regardless of symbiotic 
relationships with algae (Figure 5. 9). Interestingly however, in a study of 155 soil 
metagenomes it was found that less than 10% of bacteria had the capacity to synthesize 
cobalamin, which is far less than the 61% of MAGs here that had at least one gene 
related to its synthesis (Figure 5. 12; Lu et al., 2020). It seems likely that in addition to 
supporting their own growth, bacteria support the growth of snow algae.  
Bacteria undertake many strategies to cope with cold conditions (De Maayer et 
al., 2014). To help maintain membrane fluidity, some bacteria will synthesize carotenoid 
pigments (De Maayer et al., 2014; Rodrigues and Tiedje, 2008). In the bacterial 
metagenome reported here, we found the genes for two enzymes involved in the 
biosynthesis of astaxanthin and the seven intermediates in the pathway for synthesizing 
astaxanthin from β-carotene (Figure 5. 13; Zhang et al., 2020). In addition to any roles 
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the intermediates might play in membrane fluidity, astaxanthin provides some UV 
protection for the high light conditions of alpine and polar snow surfaces (Gorton and 
Vogelmann, 2003).  
A metabolomic study from Antarctica reported high levels of mannitol in red snow 
algae blooms (Davey et al., 2019). Mannitol is the most widely occurring polyol in nature 
(Stoop et al., 1996), found in plants (Stoop et al., 1996), algae (Ben-Amotz and Avron, 
1983; Kremer and Kirst, 1982), fungi (Jennings, 1985) and bacteria (Wisselink et al., 
2002). In addition to acting as a cryoprotectant, it also provides energy storage, 
osmoregulation, and free radical scavenging. The gene mltD (or M1PDH; Figure 5. 11) is 
a key gene that regulates cellular mannitol levels (Nguyen et al., 2019), and is thought to 
be used for regulating cellular redox and osmotic potential. We found the gene mltD in 
thirteen bacterial MAGs (Figure 5. 13), providing at least some snow bacteria with the 
means to regulate mannitol levels. 
Another bacterial metabolite used for cryoprotection is trehalose, a sugar that 
has been shown to prevent denaturation and aggregation of proteins, scavenge free 
radicals, and stabilize cell membranes in E. coli (Nguyen et al., 2019). We detected 
genes related to trehalose biosynthesis in 17 MAGs. Glycogen synthesis is linked to that 
of trehalose with shared intermediate molecules (Figure 5. 14) and has been shown to 
be important for bacterial resistance to environmental stress. Sixteen of our MAGs 
contain the gene glgB used for glycogen synthesis (Figure 5. 14). In E. coli, glycogen 
stores act as an important emergency reserve of carbon during nutrient-poor conditions 
(Sekar et al., 2020), and its synthesis is necessary for transition from a planktonic to 
biofilm lifestyle (Sekar et al., 2020). In the snow algae microbiome, glycogen synthesis 
may be important for the biofilm that holds the developing bloom.  
Consistent with life in a biofilm, genes related to anaerobic metabolism were 
found in several MAGs. We also found genes encoding terminal oxidases with a high 
affinity for oxygen, which can allow bacteria to compete for oxygen in low oxygen 
environments (Morris and Schmidt, 2013). In marine snow, micro-anoxic zones occur in 
the centre of an aggregate as bacteria on the outside consume oxygen before it can 
diffuse inward. Such decreases in oxygen concentration have been shown to occur over 
just a few millimeters (Ploug, 2001). It is well established that oxygen gradients exist in 
biofilms (ref). Given that we often observe snow algae in biofilms in the field and in the 
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lab (Supplementary Figure 5. 1; LMQ unpublished observations), it is not surprising that 
the bacterial metagenome provides evidence of low oxygen and anoxic metabolism.  
 
5.6. Conclusions  
In this report we provide the first description of the genomic diversity and 
metabolic genes of bacteria found in snow algae blooms. We demonstrate a workflow for 
capturing genomic information on multiple bacterial species from snow algae blooms 
simultaneously. The data revealed a diverse set of metabolisms present across five 
classes of bacteria. While most of the MAGs are likely heterotrophic, our data suggests 
that three may be capable of fixing carbon. Many of the MAGs encode potential to create 
a proton motor force by capturing sunlight using a bacteriorhodopsin. Our data also 
suggests many bacteria in the community are capable of growing in both oxic and low-
oxygen conditions. We report several genes with the potential to support symbiotic 
relationships in the microbiome, including nitrogen, sulfur, iron, auxin, B-vitamin, and 
sugar metabolism.  
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Figure 5.1  A breakdown of the bacterial taxonomic profile at the class level 




Figure 5.2  An un-rooted phylogenetic reconstruction of MAG taxonomy.  
The tree was drawn using RAxML with the 5,040 amino acid alignment created 
by GTBD-Tk to assign taxonomy of each metagenomically assembled genome 
(MAG). Each tip is a MAG with its assigned label bolded with its highest 





Figure 5.3 A visualization of the pangenome by gene clusters.  
The central dendrogram represents the presences/absence of 10,316 gene 




Figure 5.4  UMAPs created to show the differences in MAG gene content 
between the different taxa.  
Panels (a) and (b) were made using the KEGG gene assignments and gene 
clusters respectively for all MAGs to compare at the class level. Panels (c) and 
(d) include MAGs in families that had at least two representatives and were of the 
KEGG gene assignments and gene clusters respectively. For both data sets 




Figure 5.5  A heatmap showing the occurrence of nitrogen cycling related 
genes across all 28 MAGs.  
All genes along the y-axis were found in the metagenome, with K-numbers 
corresponding to their KEGG database assignments. The 28 most complete 
bacterial MAGs are along the x-axis, grouped by class, and ordered by family or 




Figure 5.6  A schematic of the nitrogen cycling capabilities of the MAGs based 
on their genes.  
The number within the parentheses indicates how many MAGs had the gene 




Figure 5.7  A heatmap showing the occurrence of sulfur cycling related genes 
across all 28 MAGs.  
All genes along the y-axis were found in the metagenome, with K-numbers 





Figure 5.8  A schematic of the sulfur cycling capabilities of the MAGs based on 
their genes.  
The number within the parentheses indicates how many MAGs had the gene 
coding for that particular enzyme.   
 
Figure 5.9  A heatmap showing the occurrence of iron scavenging related 
genes across all 28 MAGs.  
All genes along the y-axis were found in the metagenome, if they have a K-
number then that gene was identified using the KEGG database. If they do not 
have a K-number, then the assignment was down with an orthologous match by 
EggNog. The 28 most complete bacterial MAGs are along the x-axis, grouped by 




Figure 5.10   A heatmap showing the occurrence of genes related to plant 
hormone biosynthesis, sensing and transport across all 28 MAGs.  
All genes along the y-axis were found in the metagenome, if they have a K-
number then that gene was identified using the KEGG database. If they do not 
have a K-number, then the assignment was down with an orthologous match by 
EggNog. The 28 most complete bacterial MAGs are along the x-axis, grouped by 




Figure 5.11  A flow chart outlining the indole-3-acetic acid biosynthesis 
pathways found within the metagenome.  




Figure 5.12   A heatmap showing the occurrence of genes related to B-vitamin 
metabolism across all 28 MAGs.  
All genes along the y-axis were found in the metagenome, with K-numbers 
corresponding to their KEGG database assignments. The 28 most complete 
bacterial MAGs are along the x-axis, grouped by class, and ordered by family or 




Figure 5.13  A heatmap showing the occurrence of genes related to cold 
adaptations and synthesis of carbohydrates across all 28 MAGs. 
 All genes along the y-axis were found in the metagenome, with K-numbers 
corresponding to their KEGG database assignments. The 28 most complete 
bacterial MAGs are along the x-axis, grouped by class, and ordered by family or 
genus where possible.  There were 27 genes related to biofilm found in the 
metagenomes, so here they were collapsed into a single entry. 
 
Figure 5.14  A schematic showing the enzymatic pathways for synthesis of 
trehalose, glycogen and some of their intermediates.  





Figure 5.15 A heatmap showing the occurrence of genes related to carbon 
fixation across all 28 MAGs.  
All genes along the y-axis were found in the metagenome, with K-numbers 
corresponding to their KEGG database assignments. The 28 most complete 
bacterial MAGs are along the x-axis, grouped by class, and ordered by family or 




Table 5.1  The number of assembled S2 ribosomal protein sequences 
belonging to each family found in the metagenome. 
Family 



























Table 5.2  Summary statistics for each of the top 29 MAGs.  
Snow15 was the only top MAG identified as Archaeal; however due to eukaryotic DNA contamination it was excluded from the 
analysis. 







% completion % redundancy 
Bin_Bin_218_sub_3 snow1 4.31 435 14345 60.95 100.00 8.45 
Bin_MAXBIN__068_sub_4 snow2 3.08 319 15927 51.87 98.59 0.00 
Bin_MAXBIN__090_3 snow3 3.12 169 114230 42.94 98.59 4.23 
Bin_MAXBIN__053_2 snow4 3.96 420 16421 63.39 97.18 2.82 
Bin_Bin_108 snow5 4.67 1042 5732 35.38 95.77 5.63 
Bin_METABAT_196 snow6 3.08 101 54456 37.02 95.77 1.41 
Bin_MAXBIN__083 snow7 2.57 152 122830 52.19 94.37 0.00 
Bin_MAXBIN__007_sub_3 snow8 4.68 436 20891 60.33 92.96 1.41 
Bin_METABAT_1036 snow9 1.48 38 73297 32.44 92.96 1.41 
Bin_METABAT_788 snow10 3.77 145 42452 65.27 92.96 1.41 
Bin_Bin_10_sub_4 snow11 4.73 601 17490 33.89 90.14 5.63 
Bin_MAXBIN__149 snow12 4.31 922 15894 54.43 88.73 5.63 
Bin_Bin_196_3 snow13 2.75 534 6443 25.78 84.51 4.23 
Bin_METABAT_597 snow14 3.05 87 54901 62.58 80.28 2.82 
Bin_Bin_169 snow15 8.85 687 18483 41.91 79.52 6.02 
Bin_METABAT_161 snow16 3.67 112 53017 62.43 77.46 0.00 
Bin_METABAT_804 snow17 2.74 98 44520 68.32 76.06 1.41 
Bin_Bin_205_2 snow18 2.92 1054 3200 40.83 74.65 12.68 
Bin_MAXBIN__045 snow19 2.34 267 37370 63.10 73.24 4.23 
Bin_METABAT_619 snow20 3.85 538 9215 60.42 73.24 1.41 
Bin_METABAT_775_sub snow21 2.32 632 4279 34.20 71.83 7.04 
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% completion % redundancy 
Bin_METABAT_115 snow22 1.96 48 71991 56.73 66.20 0.00 
Bin_MAXBIN__057_sub snow23 1.90 181 34777 56.21 64.79 14.08 
Bin_MAXBIN__122_sub snow24 3.36 515 17004 63.82 63.38 1.41 
Bin_METABAT_716_sub snow25 1.42 55 34748 35.57 60.56 0.00 
Bin_METABAT_425 snow26 2.16 101 34263 59.18 57.75 4.23 
Bin_MAXBIN__159_sub snow27 2.38 872 3244 55.52 54.93 5.63 
Bin_Bin_200 snow28 0.52 279 1956 46.19 53.52 1.41 
Bin_MAXBIN__010_sub_3 snow29 2.43 306 11126 57.74 52.11 0.00 
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Chapter 6.  
 
Conclusions and future directions 
6.1. Summary 
In this thesis I presented data advancing our knowledge on the biological 
diversity within snow algae microbiomes. The diversity I describe includes eukaryotic 
microbes using 18S rDNA and rbcL metabarcoding surveys, and the revision of 
Raphidonema species using a rbcL and ITS2 analysis. I further describe the bacterial 
community composition and metabolic capabilities found in the snow algae microbiome. 
The regional study of algae communities presented in chapter 2 provides insight 
into their diversity, and variation across alpine habitats. Further, the study presented in 
this thesis was the first to use rbcL for an NGS metabarcoding study of snow algae 
blooms. My co-authors and I further complemented this analysis by presenting 18S 
rDNA metabarcoding data and microscopy-based observations. Our data showed that 
using 18S rDNA as a marker alone underestimates true algal diversity within snow algae 
blooms. Our 18S rDNA primers were also unable to differentiate Chlainomonas 
sequences from Chloromonas, whereas the rbcL marker gene could. The result is a 
more accurate documentation on the distributions of commonly reported snow algae 
taxa. All blooms were dominated by either the genera Chloromonas, Chlainomonas or 
Sanguina. These data revealed a wealth of undescribed algal diversity within blooms, 
and there was considerable variation between them. However, there was a distinct 
change in dominant algal species from below treeline to above it. The data we present 
here shows that snow algae blooms have greater algal diversity than previously thought.  
In chapter 3 I investigated the identity of algal isolates from alpine snow near 
Vancouver, B.C., Canada. My investigation led to an expanded analysis including strains 
from around the globe, allowing for a revision of the algal genus Raphidonema. The 
major challenge with identifying these algal isolates was the overlap in simplified 
morphological characteristics of several Trebouxiophycean genera. Further, depending 
on culture conditions, Trebouxiophycean strains have been shown to change cell shape 
and size (Hoham, 1973). Therefore, my analysis relied on two genetic markers to 
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determine taxonomy, rbcL to define generic lineages, and the ITS2 gene to delimit 
species. Historically, some researchers have noted the taxonomic confusion between 
Raphidonema, Stichococcus and Koliella (Hoham, 1973; Novis et al., 2008). My thesis 
work clarifies the taxonomic differences between these genera and establishes a reliable 
and repeatable methodology for identifying them. With the updated Raphidonema 
taxonomy, future studies of snow algal diversity can accurately identify them in amplicon 
sequencing libraries using rbcL or ITS2 as marker genes.   
Bacteria, fungi, and other protists are prominent members of snow algae 
microbiomes, and in my thesis, I’ve reported on their stunning diversity. In chapter 2, I 
presented work showing that the algae communities varied across elevations, with 
differing dominant algal sequences found in different blooms. In chapter 4 I set out to 
ask if the rest of the rest of the microbial communities in blooms varied accordingly. To 
my surprise they did not. We did not find any bacterial, fungal or protist ASVs or OTUs 
whose relative abundance correlated with changes in dominant algal sequences, snow 
colour or bloom site elevation. The data I presented in this chapter was the most 
extensive metabarcoding dataset published examining microbial community composition 
of alpine snow algae blooms; both in terms of sample number and snow colour variety. 
With these data I found a widespread set of bacterial and fungal taxa that were common 
to most snow algae blooms that were sampled. Of particular interest, were ten 
widespread bacterial families, including seven widespread and relatively abundant 
bacterial OTUs. As these bacterial taxa were common to snow algae blooms, I 
hypothesized that they are common algal symbionts that help them grow and thrive on 
the snow surface. However, I could not explore this hypothesis with the metabarcoding 
dataset as it provided no insight into the genomic diversity and metabolic genes of the 
bacteria. We also did not have enough data to relate any of our bacterial ASVs or OTUs 
to any known bacterial species in culture. 
 To find out more about the bacteria common to snow algae blooms, in chapter 
five I presented the first ever metagenome of bacteria from snow algae blooms. By 
binning contigs into metagenomically assembled genomes (MAGs) I also presented 
insights on the metabolic genes of individual bacterial genomes. I found that most 
bacterial genomes specialized in different parts of nitrogen cycling within blooms, either 
having nitrate reductases or nitrite reductases—although some had both. Further, some 
215 
 
MAGs contained nitrite reductases that catalyze the production of nitric oxide. None of 
these same MAGs contained the genes necessary to complete denitrification, and 
further reduce nitric oxide to nitrogen gas. I hypothesized that these bacteria could be 
producing nitric oxide as a signal molecule to down regulate algal expression of 
nitrate/nitrite reductases, and instead increase their photosynthetic rate. I also reported 
on several MAGs that contained genes related to the export and sensing of auxin 
(potentially IAA). While IAA has never been reported in snow algae blooms being 
synthesized by bacteria, it becomes an intriguing hypothesis for algal-bacterial 
mutualism in light of my metagenomic data. We also found genes used in the 
metabolism of taurine (found in nine MAGs) and sulfonates (found in seventeen MAGs). 
While not all MAGs had transporters related to these sulfur containing molecules, it is 
possible that they are important as chemoattractant as well as carbon and sulfur source 
for some of the bacteria in blooms. The metagenomics data also revealed that like in the 
genome of H. nivis, a bacterial isolate from Antarctic red snow, many MAGs contained 
genes for bacteriorhodopsin like proteins. Which indicates many of the bacteria have 
adapted to be able to capture the incoming light energy, despite most of them being 
heterotrophs (i.e. they do not fix their own carbon).  
6.2. Future directions 
With my thesis work providing foundational data on the diversity of watermelon 
snow, several intriguing hypothesis and avenues for research have emerged. In 
chapters 2 and 3, I delved into the algal diversity within snow algae blooms. There were 
rbcL metabarcoding sequences that belonged to undescribed species, as well as a lack 
of data linking specific cell morphologies to sequence data. To better understand the life 
history and distributions of algal species, their habitat preferences, and bloom 
phenology, more data is needed on how to better identify each species in a bloom. 
These identifications need to include both DNA sequence and cell morphology data. The 
sequence data will provide an unbiased description of the diversity, allowing high 
throughput screening of cells and assignment of taxonomy. The cell morphology data 
will put into perspective observations made under the microscope, allowing for the 
attribution of particular characteristics or behaviours to an individual species. To help 
further this work, further isolation of algae from snow algae blooms is needed to enable 
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lab experimentation on their cell biology, and to obtain large quantities of pure DNA for 
further sequencing. These data will help determine if there are different species with 
similar morphologies that live in these blooms. Using pure DNA extracts from lab 
cultures we can also sequence entire genomes, allowing for transcriptomic studies to 
help elucidate what genes are involved in their life cycles as well as phylogenomic 
analyses. Such studies have been done on the model organism, Chlamydomonas 
reinhardtti, where investigators found distinct genome wide diurnal gene expression in a 
highly synchronous culture (Zones et al., 2015). Such data could be valuable in 
establishing the behavior of algae on snow and determining their life history.  
My thesis also provided insights on the taxonomic diversity of the non-algal 
microbial communities in the snow algae microbiome. In chapter 4 I highlighted the 
stunning microbial diversity, including different predators that could form a complex food 
web. As predator-prey dynamics often play an important role in shaping the ecology of a 
system, it would be interesting to see how algal predators, such as tardigrades and 
rotifers, impact their populations. Further, as algae are responsible of fixing atmospheric 
inorganic carbon, it would be of interest to know the fate of that carbon. Based on our 
data, I would hypothesize that much of that carbon is incorporated into biomass and 
moved through the food web. Its final fate could be either mineralization back into carbon 
dioxide, or burial in the underlying substrata (i.e. soil). In either case, the fate of the 
carbon fixed by algae and the structure of the food web it supports remain unexplored 
dynamics of snow algae blooms.  
The internal ecology of snow algae blooms remains largely unexplored. The 
metagenomic data I present in chapter 5 present some hypotheses for potential 
bacterial-algal mutualisms. However, as the data present are genes assembled from 
bulk sequencing of DNA extracts of red snow, these hypotheses need to be verified 
experimentally. Of particular interest, are the production of metabolites that facilitate 
mutualistic symbiosis, such as vitamin B12, cobalamin. It is thought that over half of all 
microalgae rely on exogenous source of B12 , which is synthesized exclusively by 
prokaryotes (Croft et al., 2006; Grant et al., 2014; Kazamia et al., 2012). The 
dependence of algae on bacterially produced B12 has been revealed through modeling of 
growth results from co-culture experiments (Grant et al., 2014). Such experiments could 
be possible with algae and bacteria from snow algae blooms. Terashima and colleagues 
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demonstrated that a snow algal isolate appeared to be depended on co-cultured bacteria 
(2017). However, they did not definitively identify the algae or bacteria, and did not 
collect metabolite or gene expression data. Therefore, to build upon their work, and the 
work I present in chapter 5, a study system needs to be established consisting of both 
isolated and described bacteria and algae species. The metagenomic assembled 
genomes I present in Chapter 5 represent a list of candidate bacteria to target for 
isolation and culturing. If bacteria isolates from blooms enhanced algal growth in co-
culture, further experiments could then be planned to determine the nature of the 
mutualism. Such experiments could include growing the algal strain on various media 
types that lack a particular nutrient, such as B12, to determine if it has any exogenous 
requirements. If an algal strain is determined to be auxotrophic for B12, then co-culturing 
with a bacterium in B12 replete media could be done to see if it rescues algal growth. To 
gain more data on potential chemical mediators of algal-bacterial mutualisms, 
transcriptomic and metabolomic data could be used to see what the microbes are 
synthesizing in-situ. Further genomic data from sets of study organisms in the lab would 
allow for mapping of transcriptomic data and prediction of their metabolic capacity. Such 
experiments would answer the question of what metabolites are involved in bacterial-
algal mutualisms in snow algae blooms.  
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